Development of a Fluorescent Droplet Analyser for microbiological studies by Illing, Rico


Erkla¨rung
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzula¨ssige Hilfe Dritter und ohne
Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe, die aus fremden Quellen
direkt oder indirekt u¨bernommenen Gedanken sind als solche kenntlich gemacht.
Bei der Durchfu¨hrung und Auswertung der Versuche mit den Paramecium tetraurelia habe
ich, wie im Kapitel 5 erkla¨rt, Unterstu¨tzung und Zuarbeit von Corinna Burkart und Daniel
Pfitzner von der Gruppe vom Dirk Jungmann des Institutes fu¨r Hydrobiologie der TU Dresden
erhalten.
Insbesondere habe ich nicht die Hilfe eines kommerziellen Promotionsberaters in Anspruch
genommen. Dritte haben von mir keine geldwerten Leistungen fu¨r Arbeiten erhalten, die in
Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen.
Die Arbeit wurde bisher weder im Inland noch im Ausland in gleicher oder a¨hnlicher Form
einer anderen Pru¨fungsbeho¨rde vorgelegt und ist auch noch nicht vero¨ffentlicht worden.
Die Promotionsordnung der Fakulta¨t Maschinenwesen an der TU Dresden vom
01.07.2001 wird anerkannt.
Rico Illing

Kurzfassung
Das Ziel dieser Arbeit war die Entwicklung eine Gera¨tes, welches die U¨berwachung
von meheren hundert Mikrobioreaktoren ermo¨glicht. Dabei sollte es, neben der
Reduzierung von Kosten und Arbeitskraft, die konventionellen Pipettiermethoden
in der zeitliche Auflo¨sung u¨bertreffen. Weiterhin soll es u¨ber eine Gradientenerzeu-
gung verfu¨gen, um sehr feine Variationen der Zusammensetzung des verwendeten
Mediums zu ermo¨glichen.
Dafu¨r wurde ein Analysator fu¨r fluoreszierenden Tropfen (Fluorescent Droplet
Analyser FDA) entwickelt, mit dem ein segmentierter Fluss von mehreren hundert
Tropfen erzeugt werden kann und fu¨r viele Tage gemessen werden kann. Fu¨r die
Messung wurde der FDA mit einer flexiblen Fluoreszenzoptik ausgestattet um
unterschiedliche Fluoreszenzfarbstoffe oder Moleku¨hle detektieren zu ko¨nnen.
Mehrere Experimente wurden durchgefu¨rt, welche das Potentials des FDA
zeigen. Einzelne Zellen des Pantoffeltierchen (Paramecium tetraurelia) konnten in
einzelnen Tropfen eingeschlossen werden und mit einem metabolischen Farbstoffen
ihre Stoffwechselaktivita¨t gemessen werden. Ebenfalls wurden viele Experimente
mit Pseudomonas fluorescens und E.coli YFP durchgefu¨rt. Durch die flexible Flu-
oreszenzoptik ko¨nnte das Wachstum beider Arten in eine Experiment gemessen
werden.

Abstract
This work is dedicated to the development of a tool for efficient production and
monitoring of multiple individual microbioreactors using the droplet microfluidic
approach. This new device is meant to enable automatization of the microbio-
logical assay of multiple formats, e.g. culturing or drug resistance tests. Besides
being less expensive and needing less manpower, the device should outperform
conventional pipetting and automated dispenser system in terms of resolution,
time, and medium variation.
To meet these aforementioned requirements, a fluorescent droplet analyser
(FDA) was developed, where a segmented flow of hundreds of emulsion droplets
with encapsulated microorganisms can be generated and monitored for several
days. For this purpose, the FDA was equipped with a flexible fluorescent de-
tection mechanism, which was designed to detect different fluorescent dyes or
molecules. Furthermore, the smart mechanism of long-term operation inside the
fluidic circuit was engineered.
We demonstrate the capabilities of the system via high throughput analysis of
multiple microbiological species. First, single Paramecium tetraurelia cells were
sampled into the multiple droplets to track their metabolic activity in the pres-
ence of silver nitrate. Further, Pseudomonas fluorescens and Escherichia coli
YFP were analysed to demonstrate the performance of the device. Finally, we
attempted to investigate the diverse populations encapsulated inside individual
droplets that request realization of the dual wavelength droplet readout.
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1 Introduction
1.1 Motivation
The manipulation of small amounts of liquid is not unusual these days, especially
in chemistry [1] and microbiology [2]. Tests that were normally performed with
volumes of a few millilitres and microlitres are now possible with nanolitre or
picolitre droplets [3] [4] [5]. Since each single droplet is an independent minia-
turized laboratory for biochemical experiments, this technology allows extremely
parallelized and fine-tuned measurements, surpassing the precision of conventional
assays. [6]. Thousands of identical microfluidic structures can be produced in an
area of several square centimetres. These structures make it possible to conduct
many experiments in parallel [7] [8].
For microbiology, it is of great interest to generate small samples of a few
micro litres and to monitor them at a high throughput. Therefore, microfluidics
has rapidly emerged as one of the key technologies offering these experimental
possibilities [9] [10] [11] [12] [13]. It has replaced the large number of test tubes
and microlitre plates required for experiments or the common use of pipetting
robots for handling small amounts of liquid samples. The precise control of small
amounts of liquid and the non-invasive detection methods have made it a very
important tool for microbiology.
In particular, droplet-based microfluidics [3] is a high-performance technology
that has become an important tool to introduce new methods of investigating
microbiological samples like microprobes [14] [15]. Moreover, microfluidic systems
are used to extract kinetic parameters of the enzymatic reaction of ribonuclease A
with better than millisecond resolution using sub-microlitre volumes of solutions
[16]. The synthesis of biocompatible surfactants and the identification of gas-
permeable storage systems allow e.g. human cells to survive and proliferate within
the microcompartments for several days [17]. The application of microfluidics to
microbiological research is an excellent platform not just for single cells but also
for the analysis of microorganisms [18].
Nowadays it is not possible to imagine modern medicine without antibiotics.
Due to their efficiency, they are used in widely even considering the chance of
the evolution of antimicrobial resistant strains [19]. These resistant strains are
becoming increasingly critical to healthcare [20] [21] [22]. To deal with this prob-
lem, the technology of droplet-based microfluidics offers a quick and efficient way
of performing antibiotic assays for a better understanding of bacteria.
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1.2 Scope of this thesis
For this thesis, a millifluidic device, called the fluorescent droplet analyser (FDA),
was developed for monitoring different kinds of microorganism. Therefore, the
device was designed to be flexible enough to work with different kinds of fluorescent
reporters. Besides, for practical reasons, it was designed like a portable black box.
The thesis comprises six chapters starting with this introduction. In the fol-
lowing chapter, the necessary fundamentals are briefly discussed.
The Chapter 3 gives a more detailed overview of the used materials and meth-
ods. Therefore, the chapter covers the cultivation of the used microorganism, the
required fluidic, electrical and optical devices, as well as the software used.
A detailed description of the FDA is given in Chapter 4. All fluidic and elec-
tronic connections are explained here. Also discussed are optical excitation and
detection. Moreover, the chapter explains the complex software developed to
operate the FDA and to perform an automated measurement.
Chapter 5 discusses the first performed experiments with the FDA. Here single
cells of the Paramecium tetraurelia were encapsulated in droplets. The activity
of the cells, in combination with the toxin AgNO3, was monitored.
The major part of the work deals with the bacteria Pseudomonas fluorescens
and Escherichia coli. The experiments and results are provided in Chapter 6.
The thesis is finalized with a conclusion about the FDA and an outlook on
future research.
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1.3 State of the art
Conventional tools for microbiological culturing of microorganism such as agar
plates and microplates are widely used next to complex bioreactors (Figure 1.1 (a))
for greater volumes [23]. The agar plates (Figure 1.1 (b)) provide a simple and
cheap platform while individual microorganisms are placed on a nutrient sub-
strate. Every single cell has the chance of forming an individual colony of geneti-
cally identical offspring.
Microplates or micro wells (Figure 1.1 (c)) are plates with holes arranged in a
rectangle order with volumes of sever microlitre. Naturally, the number of holes
depends on the volume and can reach from 2 up to 1536 [24]. For many samples,
an automated set-up is required for an efficient use of these plates. Also, the
readout of these plates is mostly automated and will need an extra device as
well [24].
Besides many other applications like enzyme-linked immunosorbent assay
(ELISA), antibiotic assays play an important role in microbiology. This is en-
hanced due to the growing appearance of antibiotic resistant bacteria [20] [22].
The Etest or Epsilometer test (Figure 1.1 (d)) is one of the methods to confront
this problem. This is more or less a simple technique to determine roughly the so-
called minimum inhibitory concentration of an antibiotic for a certain bacterium.
Here, a polymer strip with different concentrations of an antibiotic is placed on an
agar culture. The bacteria will grow according to the antibiotic distribution. This
simple test is giving a quick information about the antibiotic reaction but it is also
susceptible to contamination and cannot be automatized. Other more complex
techniques are also available such as the VITEK (bioMe´rieux) (Figure 1.1 (e)).
The VITEK can automatically perform bacterial identification and antibiotic sus-
ceptibility testing with minimal reagent preparation [25]. After primary organism
isolation, handling is minimized in a simple standardized inoculum. In a loaded
cassette, the incubation and reading of each card is managed by the system with-
out human intervention.
The dosing and controlling of small amounts of liquids are done manually or
with expensive pipetting robots. The robots are especially important when it
comes to preparing many samples, e.g. a full 96-well plate for an experiment.
Here the cheaper technology of millifluidic can generate over a thousand samples
at the same time.
Besides, when it comes to culturing and measuring many samples such as for an
antibiogram, robotic systems may be equipped with an incubating function and
monitoring, which would be tremendously costly. Besides, there is a manual way
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Figure 1.1: This figure shows conventional methods of microbiological assays. A conventional bioreaktor
for culturing volumes up to 5 litre is displayed in Figure (a). Figure (b) shows an agar plate with some
bacterial colonys on it [26]. Three different microplates with diffrent volumes are shown in Figure (c) [26]. An
Etest polymer strip is shown in Figure (d) in place with an agar plate to determine the minimum inhibitory
concentration [26]. A compact VITEK device of the company bioMe´rieux is shown in Figure (e) [27].
of incubating and measuring with a much lower throughput and a good chance of
contamination.
Droplet-based milliuidics has multiple applications in the field of microbiol-
ogy. With droplet-based millifluidics, a sequence of droplets can be monitored
under sterile conditions and with a higher resolution in time. Therefore, it runs
reasonably well with minimum human interference.
Today most millifluidic set-ups use a segmented flow and are usually based on
tubing [28] [29] or micro-milled channels [30]. The developing technology of 3D
printing offers the chance of combining the advantages of both methods. Apart
from cost saving, the main challenges are here the materials and the printing
resolution.
The detection of the reactant inside the segmented flow or droplet sequence
is often done optically, since mainly transparent materials are used. A common
method, especially in microfluidics and lab-on-a-chip designs, is the combination
with fibre-coupled optics [31] [32] [33]. Devices using optical detection to monitor
a millifluidic segmented flow are increasingly getting out of the lab towards the
industry [34]. There are electrical ways of monitoring droplets [6], as well as
detection based on magnetic resonance [35].
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Before introducing the various used materials and describing the employed meth-
ods and techniques, this chapter will give a brief overview of the fundamentals of
the major topics of this work. As an important part, the field of millifluidics will
be introduced as well as its major differences from the well-known microfluidics.
2.1 Millifluidics vs. microfluidics
Research on microfluidic devices using micromechanics technology first started 30
years back [36]. During this time, soft lithography also became an important part.
Soft lithography has provided a low-expertise route towards microfabrication and
plays an important role in microfluidics, ranging from simple channel fabrication
to the creation of micropatterns onto a surface or within a microfluidic channel
(Figure 2.1 (a) and (b)) [37] [38].
Figure 2.1: The figure (a) shows an example of an microfluidic chip fabricated by soft lithography [6]. The
figure (b) shows a microscopic picture of the microfluidic chip [6]. Droplet are formed by a flow focusing geometry.
Figure (c) shows a millifluidic tubing with pink droplets inside.
Water-in-oil droplets within small channels or tubing (Figure 2.1 (c)) can be
generated in kHz frequency range and fused with other droplets with chaotic ad-
vection within droplets, allowing ultra-fast mixing of the dosed reagents [39]. This
works as an attractive tool for microbiology. Tawfik and Griffiths used water-in-oil
emulsion with volumes close to those of their used bacteria [40] for molecular evo-
lution. For such investigations, the microfluidic technology with its small volume
of a few pico and femtolitres has become an important tool [14]. However, when
it comes to investigating the development of several generations of cells, larger
volumes are required.
Millifluidics is a link between micro-wells and flow cytometry [41] and also fills
the gap between microfluidics and microwells. This versatile and multidisciplinary
field handles fluids on a scale of 10−7 litres [41], and the channels dimension is
several hundreds of micrometres. They can be on a micro-milled chip platform or
as tubing (see Figure 2.1 (c)).
2 FUNDAMENTALS
Both millifluidics and microfluidics play a very important role in the field of mi-
crobiology. The major benefits come from the droplet-based realization, since each
drop can be used in great numbers as an individual bioreactor [42]. Other micro-
biological applications can be found in genetics [43] or cytometry. One important
aspect of microfluidics is the use of transparent liquids (water or mineral oil)
and biocompatible materials (such as Polydimethylsiloxane PDMS, Polymethyl
methacrylate PMMA, or thin Teflon derivates). Therefore, optical methods can
be used easily for detection [33], manipulation [44], trapping [45], multicolour
fluorescence [32], or UV VIS spectroscopic detection [31]. Several groups of re-
searchers have demonstrated that microfluidics does not have to be expensive [46],
and given the developments in 3D printing, it has an interesting future. There
are already many publications on microfluidic 3D printing [47] [48] [49] [50] [51].
An inductively coupled resonance circuit for monitoring microbial metabolites is
also accomplished [35]. However, there are also non-biology microfluidic appli-
cations such as a microfluidic droplet dye laser [52] and a continuously tunable
microdroplet laser [53].
Using tubings gives a certain spatial flexibility. The most widely used tubings
are made of FEP, which ensures good wettability, and they are also chemically
resistant and biocompatible. On the contrary, a plate of the polymer PMMA is
often used for the 2D milled channels [54]. They facilitate complex structures [10]
and can be very room efficient. However, the sealing of the channels and the
functionalization for better wettability should be considered.
One obvious advantage of millifluidics and microfluidics is the use of small
amounts of liquid, which can be important when it comes to using expensive
chemicals or sensitive biological samples. Owing to the small dimensions, the
Reynolds number of such fluidic systems is smaller than 1, so there is a laminar
flow. But even at such small Reynolds numbers, a turbulent flow was reported [55].
2.1.1 Droplet based microfluidics
A lot of microfluidic applications are droplet based where a continuous phase and
a dispersed phase are forming an emulsion. Preferably, the continuous phase is a
neutral, biocompatible, and transparent liquid with a low surface tension. On the
other side, the dispersed phase contains the analyte, and since most experiments
are microbiological tests, it is usually water based.
Several ways are known to bring these two immiscible phases together. The
most prominent way is by using a T-junction (Figure 2.2). Here the continuous
phase is a flow in the straight arm of the junction, whereas the dispersed phase
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Figure 2.2: In this figure droplets are formed when the continuous phase is touching the dispersed phase at the
T-junction.
enters from the side in a 90◦ angle. The rising pressure of the dispersed phase
causes it to enter the straight arm with the flowing continuous phase. The flow of
the continuous phase pushes the dispersed phase away from the junction, causing
a separation of it [56]. Apart from the T-junction, other geometries can be used
such as a Y-junction or an X-junction. The X-junction can be specially used
for normal monodispersed droplets [57], for multi-dispersed droplets [58], or flow
focusing [59].
2.1.2 Surfactant in droplet-based millifluidics
In droplet-based millifluidics, immiscible liquids are used to create an emulsion;
however, droplets in an emulsion still can merge together. The so-called surface
active agents (surfactans) [60] can be used to stabilize a droplet emulsion. They
are molecules with two sides of different affinities [61]. Typically, one side may
have a hydrophilic group and the other a hydrophobic group [62]. In an emulsion
containing water, the molecules would go to the interface of the two phases (Figure
2.3). Here the hydrophilic group will point to the water side and the hydrophobic
side will point to the continuous phase. The surfactans molecules sitting on the in-
terface of a droplet help to prevent a possible coalescence of two droplets. When
two droplets approach each other, a steric repulsive force between the droplets
gives resistance to the coalescence [63]. Biocompatibility of the inner interface of
the water drop is another important requirement for the surfactant in biological
system. Holtze et al. developed a novel class of fluorosurfactants that were syn-
thesized by coupling oligomeric perfluorinated polyethers with polyethyleneglycol.
They show that aqueous drops stabilized with these surfactants can be used for
in vitrotranslation, as well as encapsulation and incubation of single cells [4].
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Figure 2.3: This figure shows the idea of how the surfactans molecules are stabilizing a droplet. The hydrophilic
side (green) of the molecule will be orientated on the aqueous side of the interface and the hydrophobic group
(red) will be on the side of the continuous phase.
2.2 The model of microorganism growth
The microbial growth was firstly investigated and described by Monod [64]. In
a batch culture it can be modeled with four different phases (Figure 2.4). It is
starting with the lag phase which is followed by a phase of exponential growth.
The growth will stop at the stationary phase where the cell number will not
change. Finally the cell number will decrease in a phase of decline.
Figure 2.4: This figure shows the phases of growth of a microbiologic population. In the beginning is the lag
phase where the population is not growing. During the exponential phase the population is growing and the cell
number is increasing exponentially in time. In the steady-state phase or stationary phase the cell number will
not change while during the phase of decline it is decreasing.
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The development of an fresh inoculated population normally starts with the lag
phase, during which the inoculated bacteria restart various synthesis machineries
and adapt themselves to the new environment [65]. Actually, a short acceleration
phase is also accuring. Under suitable conditions, the lag and acceleration phases
may often be suppressed [64].
For the third phase, which is called the exponential phase named by the strong
increase of the cell number of the population. This is because the rate of the cell
division is at maximum. The cell have adapted to the environment and multiplying
themself.
Like the short acceleration phase a retardation phase is frequently so short as
to be imperceptible. The same is sometimes true of the stationary phase [64].
Here the growth of the population is limited by the leak of nutrients or other
requirement like oxygen or available space. Naturally, the last phase of decline is
following and the population is starting to die. This death phase is reached when
the nutrient is completely depleted and the cells start to die, leading to a decline
in cell concentration.
2.3 The fluorescence based detection
It is almost impossible to imagine modern diagnostics without the effect of the
fluorescence. One nice example is the recent Nobel Prize in Chemistry winner Bet-
zig, Hell and Moerner in 2014 for the development of super-resolved fluorescence
microscopy [66].
Fluorescence is the emission of light in combination with a previous absorption
of light (Figure 2.5). It can happen on an atomic level or on a molecular level.
On the atomic level, the absorbed light will be directly emitted at the same
wavelength [67]. If light gets absorbed at molecules, a part of its energy will
be converted into energy deforming the molecule. This energy will be lost when
light is emitted. Therefore, the quantum yield will be reduced by the amount of
the relaxed energy, causing the emitted light to shift several nanometres to the
red side of the emission spectrum. Since this shift is caused by the molecules
of the investigating object, it can be used for analytics like fluorescence-based
microscopy.
Typically, setups for detecting fluorescence contain a broad band white light
source like a xenon lamp together with an excitation filter. This filter will block
most of the white light, allowing just the part or wavelengths of the light to pass
that are needed to excite the object. Especially in a microscope a beam splitter
like a dichroic mirror is used to guide the excitation light to the object while the
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Figure 2.5: This figure shows the single steps of the fluorescence. The molecule is absorbing a photon for
excitation (blue arrow). A small amount of the excited energy is lost because of internal relaxation (brown
arrow). The molecule is reaching its ground state by emitting a fluorescence photon (red arrow) [67].
emitted light from the object is guided to the detector. Therefore, the dichroic
mirror is transparent for the fluorescent light and reflective for the excitation light.
Thus, it already acts as an emission filter; apart from that, an additional emission
filter is used to improve the ratio of the two colours (Figure 2.6). Finally the
filtered emission light is reaching the detector.
Figure 2.6: This figure shows a basic setup for the detection of the fluorescence generated by a sample. The
white light (grey) for excitation is passing the excitation filter (purple) and is reflected by the beam splitter
(green with purple lines) which is a dichroic mirror. The role of the lens is to focus the beam on the sample. The
emitting fluorescent light is collimated by the focus lens. Only the fluorescent light will pass the beam splitter.
However, a fraction of the excitation light (dots) will pass the beam splitter as well. This will finally blocked by
the emission filter.
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In this chapter the techniques used for culturing the microorganism are intro-
duced. One kind of ciliate and two kinds of gram-negative bacteria were used in
this project. The culture conditions of the two bacteria strains are more or less
the same, whereas for the Paramecium as ciliates, the conditions were different.
The encapsulation of the living cell was controlled by the adjustment of the
cell concentration. Therefore, the Poisson distribution will also be introduced in
this chapter, which was used to estimate the fill rate of the microorganism in a
droplet sequence. The used fluids are explained along with the components to
guide them. Furthermore, standard components like pumps, light sources, and
detectors are explained. Finally, the used software is also discussed.
3.1 The culture of the microorganisms and preparation
Ciliates and bacteria are two major representatives of microorganism. Each one
can be sorted based on many different subclasses and family. Ciliates are unicel-
lular representatives of the Eukaryotes and contain a nucleus and other organelles
enclosed within membranes. The bacteria, on the other side, are also unicellular
organism without a nuclei and are a member of the Prokaryote domain.
3.1.1 The Paramecium tetraurelia
The Paramecia, like most ciliates, can be found in the water of a pond. Here
there is plenty of food like bacteria or other microorganisms [68]. However, it is
possible to culture them in the lab using an axenic broth for ciliates (ABC). Since
there are no microorganisms present, the broth must contain nutrients specially
selected for the ciliates.
The Paramecium are interesting for toxicological and environmental investiga-
tions like the studies of nanoparticles (NP) in the environment [69]. Nanoparticles
stick on bacteria cells which serve as food by the microbial predators the Parame-
cia. Thus, the nanoparticles can be collected by the ciliate for the analysis. A
look at the amount of the concentrated nanoparticles inside the cell will give an
idea about the concentration and elemental content of nanoparticles of the ciliates
environment.
Firstly, the cells were cultured with their respective media, which was the aque-
ous axenic broth for ciliates. When the maximum cell number of approximately
15,000 cells per mL was reached, the solution was diluted to reach the designated
concentration. For the dilution, filtered ABC media was used.
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The Paramecium tetraurelia did not fluoresce and so a metabolic dye was used
to observe the activity. The paramecia solution was mixed with the metabolic
indicator resazurin (Fluorometric Cell Viability Kit, Promo Cell GmbH). The
phenoxazin-3-one dye, called resazurin, was reduced to resorufin using the photo-
chemical deoxygenation of heterocyclic N-oxides [70]. So, in a solution containing
an organism, the blue resazurin will be deoxidized to the pink resorufin. The
most interesting thing about this deoxygenation is the increase in the fluorescence
of the molecule. Therefore, an increase in the fluorescence was an indicator for
the present metabolism of an active organism. So, the fluorescence of a droplet
containing an active Paramecium and the resazurin would give some information
about the cells metabolic activity.
This preparation of the cell culture of the Paramecium tetraurelia was done
by Corinna Burkart and Daniel Pfitzner from the group of Dirk Jungmann of the
Institute of Hydrobiology, TU Dresden.
3.1.2 Pseudomonas fluorescens
P. fluorescens are a common bacteria strain which are close relatives to Pseu-
domonas aeruginosa. These strains are most commonly responsible for hospital
infections and may cause some of the most serious and lethal infections. Another
problem is their unusually high resistance to many antibiotics [71].
In microbiological terms, they are Gram-negative, rod shaped with multiple
flagella. One useful characteristic of this bacterium comes already with its name
and is the capability of being fluorescent. They generate the water-soluble flu-
orescent pigment called pyoverdine [72]. Because their fluorescence is a natural
phenomenon, the P. fluorescens can be used for this work without any genetic
modification such as a modification to express a fluorescent protein.
3.1.3 Escherichia coli
The other used bacteria are Escherichia coli (E.coli). They are one of the genus
Escherichia discovered by Theodor Escherich. Some strains are common innocu-
ous residents of the inside of mammals, while some other may cause human and
animal infections. They are well known and the best studied cellular forms of life.
Especially the strain E. coli K12 is easy to handle and harmless, and is therefore
widely used in science [73]. E. coli are also Gram-negative and rod shaped.
For this work, genetically modified E. coli MC 4100 were used. They were
modified to be resistant to the antibiotic ampicillin [74] and to express the YFP.
The modified cells were acquired from Arjan de Visser (Wageningen University &
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Research Centre) which are related to the K12. With this resistant modification,
the ampicillin could be added to the media and so the media would be more
resistant to contamination. Nowadays different kinds of the yellow fluorescent
protein YFP are available, such as YFP, EYFP, or TagYFP. They show a typical
excitation from 480 nm to 510 nm.
3.1.4 The bacteria culture
The available bacteria, E.coli YFP & P. fluorescens, were all in the freezer (-80◦C)
for long-term storage. Small samples of the bacteria were transferred on separate
petri dishes with their respective media by using an inoculation loop. The dishes
were prepared with agar and LB medium (lysogeny broth [75]) for the E.coli YFP,
and the minimal medium M9 for the P. fluorescens. After 24 hours of cultivation
in an incubator, the cells were transferred again with an inoculation loop into
liquid media. For the liquid culturing and most of the experiments, the minimal
medium M9 (Appendix C) was used, as well as for the E.coli YFP. The main
reason for this was the observed autofluorescence of the LB medium, which gave a
significant offset to the signal. The medium also contained ampicillin (100 µg/mL)
for better sterilization.
Figure 3.1: Two bottles of bacteria in liquid M9 media on the left side P. fluorescens and on the right side
E.coli YFP.
The two bottles (Figure 3.1) were cultured for another 24 h in a water bath
at 27◦C, whereupon the bacteria were ready to use and were stored in the fridge.
This batch culture was renewed every week. For the renewal, a few millilitres of
the old broth were added to 30 mL of new media, and it was cultured for 24 h
again.
The determination of the cell density had to be done next. Firstly, the cell
concentration of the present bacteria broth had to be determined by cell counting.
This was done by using a Neubauer counting chamber. This type of counting
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chamber is a rectangular glass plate having two vertical stacked micro metre
arrays (Figure 3.2 (a)). They were in the middle between two horizontal planks.
The stock solution was diluted by a factor 10 to get a lower number of cells for
the counting. The Neubauer counting chamber was prepared according to the
manual [76]. A microscope cover glass plate was pressed on the counting chamber
till newton rings were visible on both planks (Figure 3.2 (b)). This assured the
precise gap between the micro array and the cover plate. A drop of approximately
50 µL of the diluted solution was placed on the upper edge of the cover plate.
Figure 3.2: Figure (a) shows a Neubauer counting chamber. The edge of the cover plate is marked with the
light blue line. The newton rings (b) can be seen in the reflection of the room lamps. (c) A sketch of the micro
array [76]. The squares with the letter E were used for counting.(d) A microscopic picture of the micro array
with P. fluorescens.
The capillary force drained the liquid from the drop to the micro array. The
micro metre array had 16 squares with 0,25 mm sides each subdivided into 16
mini squares with 0,05 mm sides (Figure 3.2 (c)). Four diagonal squares and one
in the opposite corner were used for cell counting (Figure 3.2 (d)). Table 1 shows
the result of the cell counting.
Table 1: The table shows the result of the counted squares where each square has an array of 16 minor squares.
234
221
225
206 255
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According to the company [76], the particles or bacteria cell number per µL
volume is
V [µL−1] =
Counted particles
Counted surface(mm2) · Chamberdepth(mm) ·Dilution (1)
V =
1141 · 10
0, 2 · 0, 1 · 1 = 5, 7 · 10
5 cells
µL
. (2)
By having a solution, with the known cell density, a device to measure the
optical density (OD) was calibrated next. Once calibrated, the BioPhotometer
from Eppendorf (OD600), gave a way for a quick and easy determination of the
cell number of a new bacteria culture. The P. fluorescens solution had an OD600
value of 0,91. In this regime the OD changed in a linear manner with the cell
concentration, so a linear equation was found for calibration. The calibration of
the OD600 with E.coli YFP was already done in a masters thesis by Ye Dan [65].
The calibration of the OD600 for the bacteria is as follows:
P. fluorescens : cells/mL = 6, 27 · 108 ·OD600
E.coli YFP [65]: cells/mL = 5, 1 · 108 ·OD600.
3.2 The Poisson distribution
The Poisson distribution function, which is named after the French mathematician
Sime´on Denis Poisson, was used to estimate the fill rate of the microorganism when
they were encapsulated. It is a distribution of a discrete random variable x with
its probability function [77]
P (x) =
Λx
x!
· e−ΛP . (3)
P(x) gives the probability of x cells per droplet volume V and ΛP the mean
number of cells in the droplet volume. So, the necessary cell concentration c can
be calculated by
c =
ΛP
V
. (4)
A lot of publications show that the Poisson distribution can be used to de-
termine the fill rate of micro fluidic droplets [78] [79] [80] [81]. With the help of
the calculated cell concentration the dilution factor can be determined for a any
solution.
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3.3 The composition of the emulsion
Naturally, composition of emulsion plays a major role in the fluidic setup. For
all experiments three liquids or phases were used. The main fluid, which was the
contentious phase, was a hydrofluoroether oil
(3-Ethoxy-1,1,1,2,3,4,4,5,5,6,6,6- dodecafluoro-2-(trifluoromethyl)hexane,
C9H5F15O, HFE oil, Novec 7500, IoLiTec Ionic Liquids Technologies GmbH). A
surfactant was added to lower the surface tension of the HFE and to improve the
condition for the droplet generation. The surfactant acts as an interface stabi-
lization agent enabling stability of the droplets. It was also good for biological
conditions and for allowing droplets to be stored for a long time in suitable condi-
tions. After a set of empirical tests, the sufficient decrease in the surface tension
was achieved by adding 2% of the surfactant PicoSurf 2 TM (The Dolomite Centre
Ltd.).
The second infused fluid was the aqueous nutrients media for the microorgan-
ism, ABC for the Paramecium, and M9 for the bacteria. M9 was mainly chosen
since it does not reveal a detectable autofluorescence level and was good for both
types of microorganisms, Pseudomonas fluorescens and Escherichia coli YFP. For
the used optical detection, the M9 medium gave the same signal like pure water.
White light mineral oil for molecular biology (Sigma-Aldrich Co. LLC.) was
used as the third fluid. This neutral phase mainly acted as a blocker between
the water droplets. The droplets of mineral oil were between the water droplets
and prevented the coalescence of the droplets. Besides, the mineral oil gave a
better optical control signal because of its refractive index number. This signal
was better with a higher refractive index number and will be later explained in
detail.
Table 2 shows all relevant data of the used fluids. The HFE-oil is the heaviest of
the three liquids and will always accumulate at the bottom of an container where
all three liquids are present. Because of different literature source the kinematic
viscosity and the dynamic viscosity are also listed and can be used to calculated
the hydrodynamic resistance (see Chapter 4.6.3).
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Table 2: Table of the used liquids and their parameter.
unit HFE Water [82] Mineral oil
Density %
kg
m3
1,61 [83] 1,00 0,84 [84]
Kinematic viscosity ν cSt 7, 7 1 14,2 [84]
m2
s
7, 7 · 10−7 10−6 1, 42 · 10−5
Dynamic viscosity η mPa · s 1,240 [52] 1,002 11,928
kg
m · s 1, 24 · 10
−3 10−3 1, 19 · 10−2
P 1, 24 · 10−4 10−4 1, 19 · 10−3
Hydrodynamic resistance* RHy
kg
m4 · s 5, 05 · 10
10 4, 08 · 1010 4, 86 · 1011
Refraction index** nD589 - 1,29 [52] 1,33 1,47 [84]
* Hydrodynamic resistance for a distance of 1 metre for the used tubings.
** Refraction index for the 589-nm sodium D line.
3.4 The fluidic components
The main components of the fluidic network were mainly valves and junctions
connected by tubings with 1/4-28” threaded compact head fittings (The Dolomite
Centre Ltd., Figure 3.3 (a)). The tubing material was the Teflon derivative FEP
(fluorinated ethylene propylene). It was chosen because of its excellent chemical
resistance, good biocompatibility and transparency. The tubing parameters were
as follows:
Material = fluorinated ethylene propylene (FEP)
Outer diameter = 1/16” = 1.5875 mm
Inner diameter = 0.02” = 0.5 mm
Refraction index n = 1.338 [85]
During the development of the FDA, different network variations with X-junct-
ions (Figure 3.3 (b)) and T-junctions (Figure 3.3 (c)) were used. These junctions
(The Dolomite Centre Ltd.) were also made from a Teflon derivative ethylen-
tetrafluorethylen (ETFE). For optimal droplet generation conditions, they were
chosen to have the same inner diameter as the tubing.
Electrical (The Lee Company, Figure 3.3 (d)) and manual (The Dolomite Cen-
tre Ltd.,Figure 3.3 (e)) valves were used to support the control of the liquid flow.
In its final state the developed device consisted of two electrical valves both of
which were two-way valves. During the developing process of the device, two man-
ual valves and a three-way valve were also used. The three-way valve was also an
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Figure 3.3: The fluidic components (a) tubings with compact head fittings and droplets inside, (b) a X-junct-
ion, (c) a T-junction, (d) an electrical valve and (e) a manual valve all conected with 1/4-28” compact head
fittings.
electrical valve, and like the other used electrical valves, it had a complex internal
design, which would break a passing droplet sequence. Moreover, some internal
components were not made of Teflon and could only be cleaned with ethanol.
The manual valves were made of ETFE and also had the tubing’s inner diameter.
Besides, the manual valves had a simple design, which did not destroy a passing
droplet sequence.
3.5 Modules of the Fluorescent Droplet Analyser
3.5.1 The optocoupled relay card
The developed fluorescent droplet analyser (FDA) used a bunch of small electri-
cal devices like LEDs or the electrical valves. Naturally each device had to be
switched individually when needed, and hence a USB relay card (Velleman Nv.)
was used. This card gave an easy way of switching these minor components with
their different electrical needs by using just one USB port of a computer. Each
relay was optocoupled, meaning, they were all galvanically isolated from the con-
nected devices. Thus, the effect of an electrical ground loop was minimized even
when using many different power supplies.
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3.5.2 The used fluidic pumps
One major aspect of the developed device was the performing of a complete an-
tibiotic assay where 5 liquids were necessary HFE oil, mineral oil, pure media,
media with bacteria, and media with antibiotics. In one part of the complex
preparation of a droplet sequence, all five liquids needed to be dosed with individ-
ual flow rates. Therefore, a Harvard pump (PHD 2000, Harvard Apparatus) and
a Nemesys pump (CETONI GmbH) were used to control the different liquids.
Next to several other functions the Harvard pump (Figure 3.4 (a)) can be used
for dosing one syringe at a specific flow rate. With the proper assembly, the pump
can be used for dosing and refilling a syringe of different companies and diameters.
It can be programmed by using the interface or it can be controlled by a computer
and an RS-232 connection. This pump was used for the continuous phase and it
was loaded with a 5 mL syringe (VWR) containing a maximum of 5 mL HFE oil.
The Nemesys pump (Figure 3.4 (b)) consists of a base module and four dosing
modules. It can be controlled by using a USB connection and a computer. The
controlling program and software drivers for individualized reprogramming were
provided by the producer (Cetoni). The pump was used to generated a droplet
sequence and the Harvard pump was used to monitor it. The Nemesys pump
could be detached from the system and was free to use while the Harvard pump
was used for the long-time monitoring.
Figure 3.4: The figures shows the pumps which were used for the entire project, the Harvard pump (a) and
the Nemesys pump (b).
3.5.3 The photonic elements of the FDA
For the experiments three different light sources were needed according to the three
different fluorescence dyes that were investigated. The dyes were the resorufin
know as metabolic dye, the yellow fluorescent protein from the E.coli and the
fluorescent pigment pyoverdine from of the P. fluorescens.
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The resorufin had the maximum excitation wavelength at 572 nm and the
maximum fluorescence was at a wavelength of 585 nm [70]. A simple test showed
that the common laser wavelength of 532 nm was also sufficient for excitation of
the resorufin. Therefore, a laser diode (CPS532, Thorlabs Inc.) and a green LED
(M530L3, Thorlabs Inc.) were used in different experiments for excitation of the
resorufin.
The excitation of the E. coli YFP was done with an LED (M470L3, Thorlabs
Inc.) emitting 470 nm in combination of an excitation filter (475 nm). The
corresponding emission light would have its maximum around 525 nm. To block
the excitation light a long pass at 500 nm (FELH0500, Thorlabs Inc.) was used.
The spectra of the YFP are from Potzkei et al. [86] (Figure 3.5) and in good
agreement with the used E. coli YFP.
Figure 3.5: Spectra of the YFP from (Potzkei et al.) [86]. The red line indicates the used wavelength for
excitation and the orange line shows the cut-off wavelength of the used long pass emission filters.
For the excitation of the pyoverdine inside the P. fluorescens UV light was
necessary. The spectra are from Hill et al. [87] (Figure 3.6). The red line at
405 nm shows wavelength of the used LED in this work, while the blue line at
450 nm (FELH0450, Thorlabs Inc.) shows the cut off wavelength of the emission
filter. Although a little bit of the fluorescence emission was not blocked by the
used filters, this optical choice showed good results. However, the two wavelengths
are widely separated, which made it possible to excite them without an excitation
filter for the used light source.
For the final setup, three LEDs were used. All three LEDs were high-power
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LEDs having the same architecture but different optical properties. More details
about the used optics are in the following table 3. Note that the optical power
of the LED is not the final optical power illuminating the droplets. A Zemax
simulation showed (Appendix E), that most of the light is lost because of the
fibre coupling and only 2 to 5 % of the light from the LEDs is reaching the
droplet.
Figure 3.6: Spectra of P. fluorescens [87]. The red line indicates the used wavelength for excitation, and the
blue line shows the cut-off wavelength of the used filters.
Table 3: Table of the used LEDs with their optical power Popt and the used excitation (ExF) and emission
(EmF) filters.
LED [nm] Popt [mW] ExF [nm] EmF [nm]
Paramecium tetraurelia 530 (33) 350 532 (3) 550 LP
Escherichia coli YFP 470 (25) 650 475 (30) 500 LP
P. fluorescens 405 (12) 1500 - 450 LP
LP - Longpass Filter
Values in brackets are the FWHM.
3.5.4 The light sources
The light sources were connected to one of the three optical fibres. Thus, the
sources can be easily replaced without, interfering with the sensitive optical align-
ment alignment at the detection area. Figure 3.7 shows an example with a base
plate where two laser diodes (LD) and one LED are mounted and connected to
the fibres.
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Figure 3.7: An example of the used light sources is depicted here. On the left side, an LED is connected to
one fibre. In the middle, a green laser diode (LD), and on the right a red laser diode, while the red laser diode
was used for other experiments.
For testing the metabolic dye resorufin, a laser diode with 532 nm was used. A
light source emitting 532 nm was not the optimal excitation for the resorufin [70].
However, multiple tests revealed this wavelength to be sufficient for the planned
experiments. They also revealed the sensitivity of the carried experiments on the
effect of thermal heating of the laser diodes. This is mostly resulted in the thermal
drift of the background signal and strong variations of the relative light intensities.
Thus, LD were used only for the experiments with the Paramecia cells and were
later replaced by a LED.
In contrast to LD, laser emitting diodes posses a much wider spectral band-
width, so that the spectrum of green LED overlapped with the emission of the
resorufin [70]. A laser line filter, for 532 nm, was used as an emission filter to
mimic the spectrum of the laser diode (Figure 3.8).
As it can also be seen in Figure 3.8, the used excitation filter of the blue
LED was not much cutting the spectra of the LED, however it was blocking a
significant amount of it, around the 500 nm. This was where the appropriate long
pass emission filter, the 500 LP, started to be transparent.
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Figure 3.8: This figure is showing the spectra of the used LED in combination with the filter. The sensitive
area around 500 nm (500 LP Filter) is highlighted to show the spectra change of the 470 nm LED with a filter.
3.5.5 The optical fibres
The main purpose of the integration of the fibres was to guide the light in a me-
chanically comfortable way from its origin to the target without relevant losses.
Therefore, the fibre should have been very flexible and a low bend radius of a few
centimetres. The flexibility can be increased by having a low cladding diameter.
However, a low cladding diameter means also a low core diameter which is im-
portant for the light propagation. A higher core diameter increases the amount
of captured light. To meet these requirements, a multimode fibre with 200 µm
core diameter and 225 µm cladding diameter (FT200UMT, Thorlabs Inc.) was
chosen for the light sources. Its NA of 0,39 was also a trade-off between a high
NA for a good light coupling but not too high since the exiting light should be
illuminating only a certain area. An increase in the detection area would also
mean an increase in scattered light. The fibres were made of silica to give them
a low damping number. Polymer fibres would have been much more flexible and
cheaper, but especially for UV light, they have a high decay.
3.5.6 The used detectors
The FDA was equipped with two detectors. The first detector was the photo-
multiplier tube (PMT, H10722-20, Hamamatsu) with a spectral range going from
230 nm to 920 nm. This extremely sensitive detector was used to detect the fluo-
rescence of the bacteria. In such detectors, a few photons created electrons which
caused an avalanche effect resulting in a measurable electrical signal. Thus, the
detector could not distinguish between different visible wavelengths and so the
detector needed an emission filter to block the excitation light.
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The second detector was a fibre coupled spectrometer (QE65000, Ocean Op-
tics). Its spectral range was similar like from the PMT going from 200 nm to
1100 nm. The main advantage was the measurement of the intensity as a func-
tion of the wavelength, whereas it had a poor sensitivity compared to the PMT.
With this detector, the FDA was cable of measuring the individual spectrum of
every droplet. Besides, a software was used to integrate its signal to mimic a pho-
todetector. In addition, a virtual filter was applied to the programmed software.
3.6 The operating Software
The graphic based platform LabView (National Instruments) was used to create
a program to control all electrical devices, except the heater. The System Design
Software LabView has a graphical programming syntax that makes it simple to
visualize, create, and code engineering systems. A LabView program, a so-called
virtual instrument (VI), has a front panel as a user interface and a block diagram
containing the source code like a circuit diagram.
By using LabView a program was written that enabled the automatic and
manual control of the system. Normally the generation of the droplets was done
manually and their measurement was performed automatically. In addition, the
program displayed the signal of both detectors and was also recording it when
needed. Also it was using USB interfaces for the communication with devices (see
Chapter 4.2).
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This chapter describes the developed FDA as well as its operation modes. The
device was containing several metres of tubing which were all connected with the
valves and junctions. Therefore, the fluidic network is explained as well as all
electrical connections.
The entire setup was designed to generate a droplet sequence and to measure
the fluorescence intensity for several hours or even days. Further, two microflu-
idic pumps were connected through the tubing to the FDA which was simply
speaking a black box. The black box design also had the convenient side effect of
being portable. Therefore, the device was equipped with a demonstration option
and was presented at several conferences and exhibitions like the Nanofair 2014
(Figure 4.1). For the demonstration option, the system was simply shuttling a
droplets sequence with a florescent dye to visualize shining droplets as the basic
idea of the device.
Figure 4.1: The FDA Setup was presented at the Nanofair 2014 and therefore it was equipped with a window
(blue circle) which was filtering the excitation light and transmitting the orange light of the shining droplets
(magnified section).
Three optical fibres were available for the excitation of the samples inside the
FDA. They guided the excitation light from the light source, which could be an
LED, a laser diode, or any source that would fit into the SMA connectors, into
the black box. Inside the box, the fluorescent light, which was coming from the
droplets samples, was guided by another optical fibre to the spectrometer outside
the FDA. Moreover, it was detected by an internal sensor the PMT. A computer
was connected to all devices to send commands and receive data. Moreover, a
heater was installed to warm up the inside up to 37◦C. Figure 4.2 shows the
schema of all used devices that were outside the FDA box.
The fundamental part of the devised FDA was the fluidic network. The network
consisted of tubing (partially coiled), connectors and valves. Moreover, as a part
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Figure 4.2: Outer schema of the FDA with the computer controlled devices and the heater. Both pumps were
injecting liquids (green line) into the FDA whereas only the Harvard pump was also drawing liquid backwards
and out of the FDA. The light sources were delivering the FDA with their respective wavelengths and the FDA
was sending the optical information (orange line) to the spectrometer. A computer was also controlling (black
line) the internal relay card and reading the internal PMT sensor.
of the network, two reservoirs were present and serving as outlet wastes. Three
optical fibres for the excitation were pointing onto the detection area inside the
FDA. Moreover, the entrance of a fibre for a spectrometer was located at this
point as well as the focus of the main detector, the PMT. A relay card was
used in the FDA to switch the light sources and valves. A motorized filter mount
(MFF101/M, Thorlabs Inc.) was installed as well, to be able to measure two kinds
of fluorescence in one experiment. All components were mounted on a metal plate
and they were covered by a metal box (Figure 4.3). This box design was lined
with cardboard for a better thermal isolation and the box was shielding the inside
from other light sources like the room light. For the demonstration purpose, the
cover plate had a small orange window. The window was made of laser (532 nm)
protection polymer. Thus, visitors could see the fluorescent droplets without the
much stronger excitation light. Moreover, the window can be blocked for light
sensitive experiments.
4.1 The fluidic network for droplet generation and shuttling
The main task for the fluidic network was to coordinate all liquids, to generate
a droplet sequence and to assure the monitoring the sequence. Therefore, tubing
connected several valves and junctions. In its final version, the tubing had a total
length of 9,3 m whereby 5.5 m was used by the droplets. The remaining tubing
was for supplying the fluids. A table of the length of each section can be seen
in the appendix A. Together with the inner diameter it comes to total volume of
1.82 mL. The inner volume of the valves and junctions was insignificant compared
to the total volume of tubing.
A sketch of the final fluidic network with one X-junction for the generation of
droplets and one T-junction is shown in Figure 4.4. The network can be divided
into the droplet generation area (green) and the detection area (orange). In the
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Figure 4.3: The figure is showing the inside of the FDA’s black box with its major components. The Heater is
located in the upper left corner and is reaching down to the lower left corner. Above is the relay card located.
Next to it, on the right side, is the PMT and the switchable filter mount. In between is a container for the waste
located and the second wast container on the other side of the PMT. The detection area with the two coils C2
and C3 is in the middle of the right half together with the three blue coated optical fibres. In the upper right
corner is the fluidic network located and also the NI card. The walls of the box where lined with cardboard for
thermal isolation.
green area, droplets were generated till the coil C1 was full of droplets. These
droplets were then transferred into the coil C2. For a measurement, the droplets
were pushed towards the third coil C3 and were pulled back to coil C2 again.
Therefore, all coils were similar in their length and so for their droplet storage
capabilities. For shuttling between the coil C2 and C3 the valve V2 remained
open all the time to minimize the mechanical action. This may take many hours
or even days were the droplets were shuttled many hundred times.
For controlling the flow, the valves V1 and V2 were electrical valves in the
final setup. Manual valves were also used in earlier versions. Therefore, they were
almost suitable for droplet save passage. Yet, a droplet sequence was only passing
them when it was needed anymore. The electrical valves were a compact module
which were not suitable for a droplet passage or strong solvents like acetone.
However, the electrical control of the flow during droplet generation process, was
much more comfortable than with manual valves.
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Figure 4.4: The final fluidic network was the droplet generation (green area) was done by one X-junction X1.
For generation of droplets valve V2 was closed and V1 was open. During the droplet generation flow the droplet
were stored in coil C1. When C1 was full, the droplets were pushed with HFE oil into C2 of the detection area
(orange area) by switching V1 and V2. For measuring the droplet sequence was shuttled between C2 and C3
passing every time the optical detection area (red arrows).
4.1.1 Generation of a droplet sequence
For generating a droplet sequence, the system was always completely flushed with
HFE oil before starting a generation. All other liquids needed to be already
connected as well. For the generation process, the valve V1 was open and V2
was closed. Thus, the entire flow went from the syringes to X1, into the coil C1,
making a left turn at the T-junction T3, and leaving the network to the waste 1 .
Normally, droplets were generated until the coil C1 was full and the first
droplets were already flushed out to the waste. Then the flow of all the liq-
uids was stopped and the valves V1 and V2 were switched. Finally, the droplets
were pushed forward into the coil C2.
To have a long-time stable droplet sequence, the generation of it must be
flawless. In a sequence of hundreds of droplets, one coalesced droplet might cause
minor difference in its entire flow behaviour. This will have a small effect on the
entire droplet sequence and it might be stabled for a few cycles but when it comes
to many hundreds cycles it will escalate to bigger problems such as coalescence of
neighbouring droplets or separation of the sequence.
A basic method for generating an emulsion is by using a T-junction to bring
the continuous phase and the disperse phase together [88]. The continuous phase
is running along the straight path and the disperse phase is coming from the
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side. While working with two disperse phases, two T-junctions were used (Fig-
ure 4.5 (a)) in a earlier version of the device. The two T-junctions were connected
in a row. Later, they were replaced by a X-junction (Figure 4.5 (b)).
Figure 4.5: Showing the two junctions type and flow rate combination with water droplets (blue) and clear
mineral oil droplets; (a) two T-junction, (b) X-junction, (c) 5/5/5 ml/h and (d) 1/5/5 ml/h.
The kind of the junction did not have any influence on the droplets volume
dimensions. This can only be varied by changing the flow rate ration of the
liquids. Since the cross section of the droplets was always the same and fixed by
the tubing inner diameter, the droplet length has been the only parameter that
was influencing the volume of the droplets. The droplet length can be changed by
changing the flow rate ratio. By having a flow ratio of A/A/A (e.g. 5/5/5 mL/h)
the flow rates of all liquids would be the same and so the length of each of the
two droplet phases will be the same as well as the gap of HFE oil between them
(Figure 4.5 (c)). By assuming a cylindrical shape, the volume of the water droplet
equals to
V =
pi
4
· d2 · h. (5)
where d is the diameter of the droplet which was always fixed and was consid-
ered equal to the tubing inner diameter (500 µm). Therefore, a simplified equation
can be used
V [nL] = 196, 3 · h[mm]. (6)
The height h is equal to the length of the droplet which was approximately
0,7 mm and the corresponding volume approximately 140 nL. With this flow
ratio, it might happen that the droplets in the beginning and at the end will
separated from the main droplet sequence. This can be avoided by adding a long
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mineral oil drop in front and at the end [58]. The length of this droplet can have
several lengths of the regular droplets. This method of using the same flow ration
in combination with the larger mineral droplets at both ends was consuming a
lot of time and resources. However, it was used for the first experiments with the
Paramecium tetraurelia.
Generating droplets with the two T-junctions sometimes caused a synchroniz-
ing problem. Normally, the water phase would enter the straight path while the
continuous phase was present. This was possible because the HFE oil was the
continuous phase supported by the surfactants. But it could also be that the wa-
ter phase would enter while the mineral oil was present. Even under these adverse
conditions, it would split up the mineral oil phase leading to a more unstable
droplet sequence. For this reason, an X-Junction was chosen instead of two T-
junctions (Figure 4.5 (b)). Here the two phases would alternately enter the HFE
path resulting every time in a stable and flawless droplet sequence.
Furthermore, several experiments revealed a phase size ratio which was stable
as well as the 1/1/1 but doesn’t need the bigger mineral oil droplets at the ends.
A combination of the three flow rates of 1/5/5 would lead to bigger droplets with
a small gap of HFE oil as unit cell (Figure 4.5 (d)). Here the droplet length was
approximately 1 mm and its volume approximately 200 nL. In this way, only one
or two droplets would separate during a long-term measurement and their loss
was acceptable because of the great number of remaining droplets.
Additionally the optical coherence tomography (OCT) technique was used for
a different kind of visualization (see Appendix F) and because of the different
refractive index numbers of the phases an accurate measurement of the droplet
was not possible.
4.1.2 Measuring a droplet sequence
Once a droplet sequence was in coil C2 (Figure 4.4) it was ready to be used for
measurement. By moving the droplets forward to the third coil C3, they passed
the detection point and the optical response was recorded. After the measure-
ment, they were pulled backwards, to be measured once more. This was done by
reversing the mode of the pump from infuse mode to refill mode. Accordingly, the
pressure in the entire system changed from above atmosphere pressure to below
atmosphere pressure. Now the atmosphere pressure started pushing the droplets
backwards into coil C2.
This entire process was done with a flow of 5 mL/h of the HFE oil. This
flow rate was empirically determined with the established LabView Program (see
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Chapter 4.4). The program was getting the signal from the spectrometer and the
PMT every 50 ms. At a flow rate of 5 mL/h a droplet was screened with 4 - 6
data points. A higher flow rate was leading to less data points per droplet and
this was disturbing the droplet detection (see Chapter 4.4). A lower flow rate was
working as good as the 5 mL/h but this would lead to a less cycles and less data.
For the entire time the valve V1 was closed and V2 open and they were not
switched. Only the Harvard pump was switching between infuse and refill mode.
By moving the droplets backwards, HFE oil had to be used as well. Therefore,
the entrance of both wastes was located at the bottom of the container. Here,
the three liquids were separated according to their density. Mineral oil has the
lowest density (0,84 kg/L) and was therefore always on top. The water-based
media (1,0 kg/L) was accumulating in the middle while HFE oil (1,61 kg/L) was
always at the bottom. So, in a backward movement the HFE oil was drained first.
Normally there was always enough HFE oil in the waste because there was the
amount from the forward pushing, from flushing, and from droplet generation.
This revealed an important feature of the system, compared to other droplet
analysers, reusing the HFE oil, since the continuous phase can not be depleted and
in theory it can go forever. This feature can be beneficial when a lot of time was
needed such as when investigating bacteria’s post-exponential phase behaviour or
more generally reactions that need a long time. Also the experiments are running
practically wasteless.
4.2 The electric schematics of the FDA
Most of the electrical components like the light sources or the valves were con-
nected to a relay card controlled via USB by a computer. Figure 4.6 shows the
complete schematic circuit diagram of the entire final setup.
The relay card was controlling the two valves, three light sources (LED’s), the
motorized flip mount and the flow direction of the Harvard pump. Therefore, it
was just blocking the flow of the electrical current.
The two valves V1 and V2 (two-way valve) and the relay card had the same
electrical properties and so they were supplied with the same universal power
supply. The relay Nr. 1 and Nr. 2 were used to switch them.
The operating voltages for the light sources were 3,45 V for the 405 nm LED
(relay Nr. 7), 3,5 V for the 470 nm LED (relay Nr. 5), and 3,2 V for the 530 nm
LED relay Nr. 8). A universal power supply was used to supply the LEDs with
3 V. Thus, one power supply was used for all LEDs and the voltage gap of a
maximum of 0,5 V was acceptable.
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The motorized flip mount was used for an automatically switching of the emis-
sion filter. It was equipped with its own power supply which was provide by the
manufacturer. For remote switching of the filters, it was equipped with an SMA
connection. This SMA connection was connected to relay Nr. 3.
Relay Nr. 4 and Nr. 6 were used to partly control the Harvard pump. This
more or less unconventional way for controlling the pump was chosen to control the
flow with the relay card. The Harvard pump was equipped with an RS-232 serial
communication. This might bring up some software problems when changing to
another computer. When using an adapter for a USB, the computer would need
an additional USB port. For more flexibility, the final system was controlled by
a laptop, and they are usually rarely equipped with USB ports or even RS-232
ports. The needed computer-controlled function of the Harvard pump was just
the binary commands of ”GO/STOP” and ”revers flow”. They could be easy
manged by using the two relays. Other basic commands like flow rate or syringe
parameter can be enter with the user interface of the pump.
The power supply of the PMT was done by using two universal power supplies
(5 V) to generate a balanced power supply. Moreover, it needed to be connected
to a 10 kΩ potentiometer (three-terminal resistor) for regulating its sensitivity. To
read out its signal, the PMT was connected to a NI USB-6009 (National Instru-
ments) device which was also connected via a USB connection to the computer.
The NI USB-6009 provided an adequate possibility for USB-based data acquisition
of the PMT.
The heater and its control unit were the only separated parts. Naturally, the
heater was located inside the FDA while its control unit was outside.
4.3 The light source, guidance, and detection
The optical detection of a fluorescent dye or bacteria was a fundamental element
of the FDA. Besides the detection of the fluorescence, the system needed the
information about the relative position of the droplet sequence inside the detection
area, to control its forward and backward motion. Normally this information can
be taken from the fluorescence level, but for the bacteria experiments the initial
signal intensity was normally below the detection limit of the detector, due to the
of the low cell concentration. Therefore, a second system was needed to observe
the droplet sequence, even of a clear sequence like HFE oil, mineral oil and pure
water.
The detection of droplets not containing fluorescent species, was not strongly
depending to the wavelength of the light source, because reflected, scattered and
Page 32
4.3 The light source, guidance, and detection
Figure 4.6: The figure shows electric circuit diagram of the FDA. Blue lines are power lines, green lines are
USB connection for power supply or device communication and yellow lines are just for device communication.
All the small devices were connected to universal power supplies and were switched with a relay. Relay 1,2,5,7,
and 8 were switching by turning the power on or off. The relays 3, 4, and 6 were used to create a rising or falling
ramp which was used by the connected devices for communication. Everything was controlled by a computer or
laptop, even the Harvard pump via relays 4 and 6. The heater was completely separated by the reaming electric
devices.
refracted light can be used. Compared to the absolute signal change the spectral
dependency was negligible. However, for the detection of the fluorescence signal,
the selection of the wavelength of the light, as well as optical filtering is crucial.
Two detectors were used in the FDA, a spectrometer QE65000 and the PMT.
The PMT was used for the detection of the weak fluorescent signals and the
spectrometer was used when spectral information were of interest. Since the
spectrometer can differentiate between the present wavelengths, it could see the
excitation light. This information was used to control a droplet sequence.
The assembly of the optics has been done without a beam splitter like in a basic
setup. A spatial separation of the excitation and the emission light was done. This
was possible since the droplets were transparent or at least translucent.
4.3.1 Preparation of the fibres
Three fibres with the same length of approximately one metre were prepared and
used for guiding the light from the LEDs to the detection area.
At the entrance the fibres were equipped with an SMA fibre connector for
a standard connection to the mounting system. This connection with a thread
was also useful for controlling the optical power at the detection area. With the
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thread of the connector, the sensible distance of the fibre entrance and the LED
was tuned. Thus, the amount of coupled light was regulated.
The exit of the fibres was just the bare silica fibre. Therefore, the protective
polymer coating was remove and the silica end was manually cleaved. These three
ends were mounted to point onto the detection area with the relative same spot
size (Figure 4.7 (a)). Figure 4.7 (b) also shows a calibration test, outside of the
device, were the fibres were illuminated, for testing purpose, with a red and green
laser as well as a blue LED (RGB). At the final state the fibres were connected
to the LEDs (see Table 3). Another kind of optical fibre was used to guide the
light from the detection area to the spectrometer. This commercial fibre (Oecean
Optics) was coming with the spectrometer a has a diameter of 1 mm for light
guidance.
Figure 4.7: The detection area is shown on the left side, where the three optical fibres from the LEDs pointed
to one spot at the FEP tubing. A fourth optical fibre was guiding the light to the spectrometer. The right side
shows the fibres during a calibration test with red, green and blue light.
The passive cooled LEDs showed a much better thermal stability than the laser
diode. In contrast to the laser diode, the LEDs had the typically strong divergent
emission, which made it complicated to focus its light onto the detection area.
This was another reason why fibre optics were used to deliver the excitation light.
The fibre entrance was located directly in front of the LEDs and as close as
possible to it, with respect to the necessary space for the emission filter. This
assembly has been revealed to be the best for effective light coupling.
Using a lens for focusing the light into the fibre would only be beneficial by
using a collimated beam. Because of the strong divergent behaviour of an LED
light, only a small fraction would be captured by the lens. In addition, the lens
created reflection and strong aberrations which also caused losses to the light.
Reflection might be decreased by special coatings which will increase the coast of
a lens. Aberrations can be decreased by choosing a lens with lower refraction e.g.
lower curvature, but this will increase the focal length and will reduce the amount
of captured light. A parabolic curvature reduces aberrations, but it also increases
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the focal length and the price. Furthermore, the numerical aperture (NA) 0.39 of
the fibre would only partial used in a lens setup while in front of the LED it was
fully used [89]. Figure 4.8 is from a ZEMAX ray trace simulation to estimate the
efficiency of both methods. It shows the strong optical aberration. The simulation
had all the dimension and material parameter of the setup. It was not considering
wave effects like diffraction. The result of the simulations was a similar coupling
efficiency with the LED being at a distance of about 5 mm to the fibre and the
best case of the lens coupling. It also showed a dramatic increase in the coupling
efficiency by reducing the distance smaller than 5 mm.
Figure 4.8: A ZEMAX raytrace simulation of an LED fibre coupling with a spherical lens. A small fraction of
the light from the LED was captured by the lens. Because of strong aberration only a small part was coupled
into the fibre.
4.3.2 The detection setup
Although a very efficient filtering provided by emission filter, the PMT still was
able to detect tiny fractions of excitation light. The emission filter could only
provide imperfect but excellent filtering when the incidence light hit the filter in
a 0◦ angle. Any deviation of the incidence angle drastically reduced the filtering
power of the emission filter. The scattered part of the excitation light was not
reaching the filter in a 0◦ angle and so it was not well blocked. This leaking
excitation light was determining the detection minimum of the FDA. For adjusting
the level of sensitivity, the PMT was equipped with a potentiometer. Additionally,
an objective lens (magnification 20x) was used to collimate the light from the
detection area.
The developed device was equipped with three light sources. To be able to
use the different light source to measure different kinds of fluorescence, the filter
mount of the emission filter was motorized. By using the computer this mount
could switch between two emission filters.
The second detector was the spectrometer for the measurement of the spectrum
of the droplets. Besides, it was used as a detector to control the flow of the
droplets. In many experiments, the droplets had none or a very low concentration
of bacteria and therefore a fluorescence intensity below the detection limit of the
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PMT. In this case, the PMT just encountered a poor signal from the droplets
because of the leaking excitation light. However, a signal was needed to identify
the beginning and the end of the droplet sequence. The signal must have a strong
difference between the HFE phase and at least one of the droplet phases. The
leaking excitation signal at the PMT was not strong enough for an automated
control.
Here the spectrometer was used since it was not blocked by an emission filter.
It was detecting all light at the detection area and so the excitation and emission
light. Figure 4.9 shows the spectra of a droplet with the dye resorufin.
Figure 4.9: Both graphs (left log scale, right linear scale) are from a droplet which was excited with 532 nm
and contained the dye resorufin.
The excitation light was coming from the fibre above the detection area and the
entrance of the spectrometer fibre was in a ninety-degree angle of it. Thus, only the
reflected, refracted, and scattered excitation light was entering the spectrometer
fibre. The emission light was illuminating in any direction and was also entering
directly the spectrometer fibre.
Now, with HFE oil present in the tubing, a certain amount of light was entering
the spectrometer fibre, because of the refraction index of the HFE oil. A phase
change, because of the moving droplets, was meaning a change of the refraction
index as well. So, the amount of the reflected and refracted light entering the
spectrometer fibre was also changed. For the used liquids, an increase in the
refraction index would also mean an increase in the signal at the spectrometer.
Figure 4.10 shows the signal of a measured droplet sequence. Both detectors
were working independently and their signal was displayed and recorded at the
same time. The signals were synchronized because the individual time delays of
the detectors were smaller than the internal loop time (50 ms) of the controlling
program.
Page 36
4.4 The developed LabView program for operating the FDA
Figure 4.10: The signal of the excitation light of the PMT and the spectrometer of a droplet sequence (1/5/5)
with water and mineral oil with a flowrate of 5 mL/h. With the spectrometer, the mineral oil droplets with
higher intensity can be clearly identified. The small gap of HFE oil can hardly be seen (doted vertical lines).
Thus, it was possible to identify four transparent phases (air, water, HFE oil
and mineral oil) inside the tubing. The refraction index was mainly responsible
for the intensity level of the excitation light. In the figure, the difference of the
signal of the water droplet and the mineral oil droplet was relatively strong. The
HFE oil was only partly present (1/5/5 sequence), but enough to show a small
dip (dotted line). The difference of the HFE oil signal and the water signal was
small like the difference of the respective refraction index (see Table 2). The
signal difference to mineral oil was much higher and so is also the difference of the
refraction index. Besides, air bubbles showed a big change of the signals, but for
this work they were just disturbances and were not further used.
4.4 The developed LabView program for operating the FDA
The FDA consisted of multiple electronic devices that need to be simultaneously
controlled for the proper operation of the device. Especially for the automated
measurement the computer needed to control at least one pump and read out the
signal of the detectors for reversing the flow direction. If each device would have
been operated with its company’s software, then it would not have been possible
to link programs and to tell the pump when the sequence has passed the detection
area and to reverse the flow.
In addition, the electrical valves and the LEDs didn’t have a computer inter-
face, but still it was much more comfortable when they were controlled by the
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Table 4: The table lists all the relays of the card with the devices connected to it and their functions.
Relay 1 Valve 1 OPEN/CLOSED
Relay 2 Valve 2 OPEN/CLOSED
Relay 3 Flip Mount BLUE/YELLOW
Relay 4 Harvard pump INFUSE/REFILL
Relay 5 LED 405 nm ON/OFF
Relay 6 Harvard pump GO/STOP
Relay 7 LED 470 nm ON/OFF
Relay 8 LED 532 nm ON/OFF
software as well. For easy switching of these small devices, the USB relay card
was used. This card was equipped with eight relays/switches which can be indi-
vidually controlled using computer software. The cards connections are listed in
Table 4.
To meet all these requirements of controlling all devices and to automatize
some of them, a LabView VI was programmed. With the help of the program,
it was possible to switch all valves and LEDs, also to fully control the Nemesys
pump and partly the Harvard pump. Additionally, the program could record the
signal of the two detectors.
Figure 4.11: The front panel or user interface of the main program established with LabView. It had a section
for manual control of the Nemesys pump (a), additional settings (b), system information (c), and for automated
measurement (d).
The front panel of the developed program has mainly four panels, one for the
manual operation of the Nemesys pump (Figure 4.11 (a)), one for extra settings
(Figure 4.11 (b)), one for system information (Figure 4.11 (c)), and one for the
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Figure 4.12: The two output panels are shown in this graph. The top shows the displayed spectrum and beneath
the graphs for the relative intensity of the spectrometer (red line), the PMT (white line) and the threshold level
(green line) for the relative intensity of the spectrometer.
automated measurement (Figure 4.11 (d)). Moreover, the spectrum was shown,
along with the relative intensity of the PMT, the spectrometer, and the threshold
level (Figure 4.12). For the latter case, next to the intensity of the PMT, the
spectrum of the spectrometer was shown as well as its integrated spectra acting
as spectra intensity. The complex block diagram, including the so-called subVI’s,
is shown in Appendix B. It reveals that the program was continuously running a
loop. Whereas the loop time (system information) was determined by the com-
plexity of the program. The complex structure of the program needed less than
50 ms to perform one loop. During this time the program was reading out the
detectors, saving their data, running the routine for the automated measurement
and enabling additional minor functions like virtual spectra filtering. This inter-
nal loop time was fluctuating as per the task so it was set to 50 ms to be fix. At
this frequency of 20 Hz and a flow rate of 5 ml/h, the signal of each droplet was
recorded 5 to 6 times (Figure 4.10).
An important function of the program was the recognition of a droplet and a
sequence of droplets. Therefore, a threshold was set to the spectra intensity signal.
Every time a rising ramp broke the threshold, a peak was noted. Additionally, a
countdown of a few seconds indicated the end of a droplet sequence.
The VI generated three output files. One contained the number and time for
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each loop, whereas the other two contained each a table with the intensity of the
spectra or the PMT. All odd rows had the data from the forward direction, and
the even rows were upside down and about the backward direction. The files
were saved to the hard disk after the first measurement in the forward direction
and where updated every time the direction changed. Thus, the already collected
data was saved from a computer crash and not relevant in the memory anymore.
It also offered the chance of analysing the collected data (origin, etc.) without
interfering with the running measurement.
4.4.1 The automated measurement process
Altogether the automated function of the VI was split into six stages I, II, III, IV,
V, and VI (Figure 4.13), which were processed one after another. The first one
was moving the droplets forward to the detection area and was counting the first
droplets (normally 50) to identify the beginning of the sequence. This counting
assured that one or two runaway droplets or false signals were not counted as
the begin of the sequence. The first stage was also starting the recording of
the intensity of both detectors. After the fixed number of peaks or droplet were
detected, the VI was switching to the second stage. Here it was to identify the end
of the droplet sequence; therefore, the program used a countdown of 5 seconds.
With every detected droplet, this countdown was reset. After the last droplet was
detected the countdown was reaching zero and the stage was stopping the flow
and proceeded to the next stage. The third stage just had a flexible waiting time
(normally one second) where no flow was applied and no recording was done. The
stages IV, V, and VI were just like the I, II, and III just in the reverse direction.
The waiting option of stage III and VI was useful when it came to bleaching
or leaking of sensitive dyes which should not be measured frequently. During this
pause no flow was running and no recording was done but to keep the light sources
at operating temperature and to minimize mechanical switching of the relays they
stay on. For measuring a droplet sequence three modes were established the peak
mode, the time mode and a combination of them.
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Figure 4.13: All six stages of the automated measurement are shown here with the signal of the spectrometer.
Initially it was starting with stage I generating a forward flow (blue arrow) and this stage will end after 50
droplets have been detected. Stage II was following immediately, not changing the flow and was ending five
seconds after the last detection of a droplet. Stage III was than stopping the flow and paused the system for
one second. Then stage IV began like the first stage only it generated a backward flow (green arrow). Stage V
and VI did the same as II and III which was stopping the flow and paused. After stage VI everything started
again with the first stage.
4.4.2 The peak mode
In the peak mode, the system was pushing the droplets forward from coil C2,
through the detection point, to coil C3 (stage I ). The optical response was ob-
served to determine the moment when the last droplet has passed the detection
point (stage II ). After a pause (stage III ) for switching, the system was reversing
the flow and was pulling the droplets back, again through the detection point into
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coil C2 (stage IV ). When the last droplet has passed the detection point, stage V
ended like stage II and the next stage VI was again a pause.
During this mode, the optical signal preferably influenced by the droplets was
controlling the flow. Signal variation, such as strong signal changes, runaway
drops, thermal fluctuation or rise of the ground level, may cause a problem to this
mode.
4.4.3 The time mode
The time mode was a signal independent mode. The half of the loop time was set
for stage I and system was pushing droplets forward. Stage II was deactivated,
while stage III (one second) was ignored. Stage IV was continuing with the
second half of the loop time and the remaining stages were ignored as well.
One big advantage of this mode was the signal independence. Droplets were
moved even when the system doesn’t get any signal from them, like in the begin-
ning of a measurement using fluorescent bacteria when the fluorescence intensity
was below the detection limit and the PMT was used for low control. However, a
big disadvantage of this mode came with fluidic drift. Because of the dynamics of
the tubing and some possible air in the system the droplet sequence might have
continued to move after the pumps stopped. Already, after a few cycles this drift
effect may cause the droplet to move out of the operating time window.
4.4.4 The combined mode
To compensate the drift issues a combination of the two modes was developed.
The combined mode was shuttling the droplet sequence a few rounds at the peak
mode and after a several loops it was switch to the time mode. During the
first loops the loop time was decreasing because of some shrinking of the droplet
sequences total length. In the 1/5/5 ratio the HFE oil space was getting a bit
smaller. When the droplets were completely touching each other the shrinking of
the sequence was stop. This was normally done after the third or fourth loop.
Consequently, after the fifth loop the system was switching to the time mode and
here the time of the last loop was used for continuation.
4.4.5 The dynamic threshold
A switching of the excitation light was also implemented and so the relative signal
of the spectrometer was switching as well. Therefore, because of drift effects, a
dynamic threshold Eq. 7 was implemented. The arithmetic mean of the intensity
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values In of the previous measurements n of the spectrometer or the PMT was
base for the calculation
IThreshold =
A
n
·
B∑
n=1
In. (7)
The parameter A was adjusted to make sure the threshold signal was above the
noise and below the maximum of the droplet peak. With the inertia parameter B
the dynamic of the threshold was tuned.
The dynamic threshold was very helpful when a switching between two different
light sources accrued. Here the mismatch of the two intensities was much bigger
than the intensity fluctuation which was caused by the droplets. Figure 4.14
shows the dynamic threshold signal. For the first three stages, forward motion,
UV light was used while in the backward motion blue light was used. By adjusting
parameters A and B, even bigger mismatches can be used.
Figure 4.14: This graph shows the intensity of the spectrometer together with the threshold signal. The idea
for the threshold signal was to be slightly above the mean of the spectrometer signal. The red vertical lines are
representing stage III & VI
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4.5 The developed VI program for analysing the data of the FDA
The second VI (Figure 4.15) was to transfer the raw data from the FDA VI to
an easy to handle spreadsheet file. Next to minor functions, like formatting, the
main idea of the VI was to solve the problem of the unsynchronized raw data.
Even with the automated measurement, the peaks of the droplets, the ones from
the different columns were not synchronized meaning the signal of e.g. the first
droplet of the first measurement is not at the exact same time like its signal
from the second measurement. This comes from minor and random drift effects
in combination with the 5 seconds countdown. Therefore, the analysis VI was
scanning every column for peaks labelling them and cutting them out to output
them in a similar spreadsheet file.
Firstly, the raw data was imported and had the format of a spreadsheet file
where the even numbered columns had the data of the forward direction (stage I
and II ) and all odd columns from the backward direction (stage IV and V ).
Where the odd columns were saved upside down to have the first peak at the end
which was representing the last droplet.
Additional options were also implemented like ready to use raw data. This
was transposing the data. Besides, a column for the time was added as well as
appropriate headings of the data.
The actual ”Peak Cutter” function was scanning each column for a rising edge
that was crossing a predefined threshold, like the peak detection of the main VI.
The position of this event was the beginning of a droplet. Figure 4.10 shows
that a peak of one droplet had 5 data points. Naturally this value was changing
with different flow rates and therefore it was a variable. Usually the data from
the spectrometer showed peaks that did not change their intensity because of
the scattering of the unfiltered excitation light. They were used for cutting and
labelling. So, the algorithm was getting the information of the position of a peak
from the spectrometer data and was than delivering it to the PMT data and here
the corresponding intensity values were collected in a new spreadsheet file. Each
column of this file was containing the droplets of one half loop, e.g. first scan in
forward direction.
The second ”Labviewed IM” function was simply taking the maximum value of
the 5 data points and was transposing the data. This gave a more suitable table
for plotting the data. Here each column had the data of one droplet over the total
time, while the first column had the calculated values for the total time.
For the measurements with the multicolor fluorescence detection, were two dif-
ferent light sources were used, the threshold was alternating between the columns.
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Therefore, the two thresholds were determined by the user reading the preview
graphs and were than individually set. The output was two files, one in the for-
ward direction (first light source) and on for the backward direction (second light
source).
This method of separating the data was labelling and ordering information of
the droplet sequence. However, this was only working perfectly when the total
number of droplets was not changing. Unfortunately, it was not possible yet to
avoid a separation of one or two droplets from the sequence. For each runaway,
fussed or divided droplet the labelling was shifted by one. For a normal measure-
ment of more than 500 droplets, a loss of five droplets was meaning a shift of less
than one percent, which was acceptable. For a measurement where the signal of
single droplets was relevant, an additional data treatment was necessary.
Figure 4.15: The figure shows the front panel of the lab view VI to analyses the data of the FDA. In the top
panel the main parameter can be entered, like file names, threshold and a button to start the analysis. The panel
on the left was meant to get a quick look at the droplets which can be found by the algorithm. This was helpful
to find the optimal parameter for the analysis. The right panel gave several options for analysis. On the bottom
the graphs are show for the first forward and backward measurement this was helping to find the threshold.
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4.6 Flow characteristics of the FDA
4.6.1 Basic flow characteristics
A few tests were performed to characterize some flow parameters of the FDA, like
flow speed, time for shuttling or injection time. To begin with, a 1/5/5-droplet
sequence was generated. The time of injection (Figure 4.17 (a)) was determining
the number of droplets which were pushed into the the detection area and used for
a measurement and its maximum was at 210 seconds. After this time, all droplets
from the first coil were injected.
The scanning of the sequence was done for different flow rates. The water phase
was containing no dye and the signal was just changed because of the different
phases. For example, Figure 4.16 (a) shows a measurement at a flow rate of
2 mL/h. Since there were no signals with a low intensity like fluorescence, the
spectrometer was used and the 405 nm LED as light source.
The major peaks were coming from the mineral oil droplets while the minor
once in between are the water droplets. Because of the 1/5/5 combination the
small continuous HFE phase between the droplet can barely be seen. However,
the over and undershoot at the droplets end was coming from the droplets curved
interface. Besides, the figure shows the Full With at Half Maximum for every
mineral oil peak. Together with the length of the droplet (1 mm), their velocity
can be determined (Figure 4.16 (b)). The graph shows the linear dependency for
the flow rate and the velocity of the droplets. A flow rate of 10 mL/h was too fast
for a proper measurement of the droplets so they were only partially measured
correctly, because of the time resolution. Therefore, a flow rate of 5 mL/h was
chosen as a standard flow rate for all measurements.
For every complete loop, a droplet sequence was pushed forward by applying a
pressure (higher than the atmospheric pressure) and was pulled backwards with a
lower pressure by the pump. However, this flow reversal cannot be investigate be-
cause it was happening when all droplets were already measured (stage II and V ).
Because of the change of the pressure, air inside the fluidic network will have an
influence. Since small air bubbles might always been in the system like in syringes
or in valves, they would have a certain influence on the reversing of the flow.
For a better understanding of the timing of this effect the flow of 5 mL/h was
reversed in the middle of a droplet sequence (Figure 4.16 (c)). The measurement
revealed a quick stop of the sequence and a longer acceleration in reversed direc-
tion. All together the process of reversing the flow rate was taking approximately
20 seconds. For the calculation of the FWHM the asymmetrical shape of the
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Figure 4.16: The graph (a) shows a standard measurement of a droplet sequence with a flow rate of 2 mL/h
together with the corresponding FWHM values for the main peaks which come from the mineral droplets. Figure
(b) shows the transformation to the velocity. The graph (c) shows the droplet peaks and their velocity during
the reversal of the flow rate from 5 mL/h to -5 mL/h and (d) shows the FWHM while reversing the flow for
sequences with different amounts of air in the fluidic systems.
peaks, while slowing down and acceleration, was considered negligible.
To see the effect of air in the system, several hundreds of micro litres (at 22◦C)
of air were added to the syringe containing the HFE oil and the droplets were
shuttled again (Figure 4.16 (d)). The graph shows a strong increase in the time
for the reversal. Already 100 µL of air increased it by the factor of three. However,
even with 300 µL the time can go up to 3 min. This is roughly half of the time
which was necessary to scan 500 droplets. It should be mentioned that 300 µL are
a relatively huge amount of air in such a millifluidic setup and normal unwanted
air volumes do not reach 50 µL.
4.6.2 Characteristics for shuttling of a droplet sequence
To monitor a droplet sequence for many hours or even more, the FDA was shut-
tling the sequence between coil 2 and coil 3. Naturally the time of one cycle
shuttling one time forward and backward was determined by the droplet num-
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ber and the flow rate. This is also including the additionally time coming from
the automated measurement section like the 5 seconds of stage II and stage V.
Figure 4.17 shows the measured time for shuttling a droplet sequence. The flow
rate (Figure 4.17 (b)) shows the expected exponential influence to the shuttling
time, and the length (Figure 4.17 (c)) of the sequence shows the expected linear
behaviour.
Figure 4.17: The graph (a) shows the number of droplets which were inject to the detection area with the
respective time and the standard flow rate of 5 mL/h. The graph (b) shows the time for one cycle, shuttling
a droplet sequence one time forward and back. The cycling time of three different sequences was measured.
Similar, graph (c) shows the duration of one cycle depending on the droplet number of the sequence. Besides,
the cycling time of three different flow rates was measured.
4.6.3 Influence of the hydrodynamic resistance
For the measurement with the paramecia, an additionally shorter tubing path was
used. This path was 1,5 m shorter than the path for droplet generation with the
coil C1. The main reason for this short path was to have a fast access to the
detection area for e.g. flushing with ethanol or HFE oil. It was also assumed
to reduce drift effects of a droplet sequence during a measurement. The flexible
FEP tubing would expand or contract depending on the pressure difference, like
when reversing the flow, from forward to backward, the pressure was changed
from above to below atmospheric pressure. A simple estimation gave an idea of
the different resistance. Therefore, the hydrodynamic resistance [90]
RHy =
8 · ηHFE · L
pi · r4 (8)
was calculated for each path of the fluidic network where ηHFE is the dynamic
viscosity (see Table 2) of the HFE oil, L the length of the section and r the radius
of the tubing. The fluidic resistance of each path was put together like in the
ohmic resistors of an electrical circuit [91]. All sections were added like in a series
circuit, since there was no flow in the parallel tubing at the same time. This
was done for both paths, the short path and the longer path with the coil C1.
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Together with the flow rate Q the hydraulic pressure across the entire flow path
was calculated
∆P = RHy ·Q. (9)
For the short path, the hydraulic pressure was 397 Pa and for the longer path
it was 494 Pa. Compared to the atmospheric pressure of approximately 105 Pa,
the hydraulic pressure of both paths was very low. Since the atmosphere was
the driving force for the backward movement of the droplets, the minor difference
97 Pa of the two hydraulic pressures did not have a significant value and was
removed for further experiments.
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5.1 Introduction
Microorganisms play an important role in the ecosystem. They participate in
the food chain at multiple levels, both as producers that capture the suns energy
through photosynthesis and as consumers engulfing photosynthetic algae cells,
colonized bacteria, or waste materials [92]. Since nature regulates the functions of
aqueous habitants, they maintain their life environment clean in a self-consistent
manner, e.g. well-investigated paramecia from the group of ciliates can act as
a cleaning agent of water environment by uptaking freely dispersed and poten-
tially harmful bacteria [93]. However, in an aquatic ecosystem, human activities
significantly influence the natural processes, including those happening at the
level of participation in it [94]. For example, an increase in the concentration
of chemical substances such as silver nitrate, which is commonly used for water
disinfection [95], can reach toxic levels impacting the natural water purification
efficiency. Furthermore, the growing use of nanomaterials, such as nanoparti-
cles of copper oxide (CuO), zinc oxide (ZnO), and nanosilver (nAg), to fight the
unwanted growth of bacteria, fungi, and algae in industrially relevant environ-
ment [96] [97] [98] [99], and households might also result in unfavourable effects
on activated sludge organisms [100]. There is a growing release of disinfection
agents into wastewater treatment plants by sewage water. At the moment, poten-
tial risks for the wastewater treatment process and the implications for the aquatic
ecosystem are under investigation. For toxicological risk estimate, it is necessary
to characterize the potential hazard of the toxins by applying test organisms,
which are relevant in the investigated compartment.
In that respect, paramecia provide a well-investigated model and act as a repre-
sentative of filter feeders in activated sludge for establishing the ecotoxicity assays
in vivo. In particular, this microorganism is one of the most relevant genera of
ciliates and is broadly used in previous works for risk assessment. In particu-
lar, Burkart et al. [69] presented a new nano-ecotoxicity test for activated sludge
that employed Paramecium tetraurelia as a relevant test organism using microlitre
plates (96 wells). However, this method is restricted in terms of replicate numbers
and the numbers of tested concentrations due to the sample handling effort.
Here the FDA was used for isolating and further monitoring of the single cil-
iates from exposure samples using a large number of water-in-oil droplets. Fig-
ure 5.1 shows a conceptional picture of the it. Because of the automated and
continuous monitoring of the fluorescence signal, the droplets containing the cells
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are efficiently distinguished from the background empty reservoirs. The record
of the viability curve for every single paramecia cell was performed using the
metabolism-driven resazurin-to-resorufin conversion [70]. This is followed by an
ecotoxicity test of the droplets, exposing the different concentrations of silver ni-
trate to the encapsulated ciliates and determining its critical levels in the medium.
Silver nitrate is used here as a model example as it represents an easy-to-handle
compound (compared to, e.g., nAg) for the proof of principle of the method. The
developed tool is similar to the droplet-based microfluidics concept, operating
the large amounts of same-size isolated reservoirs in parallel (linear dimensions
of each droplet are in micrometre, and volumes of reservoir can be scaled down
to femtolitres) [101] [56] [102]. Today this technology plays a crucial role in the
classical detection and characterization laboratory assays, substituting reaction
tubes, flasks, and incubation chambers for culturing microorganisms [103] [104],
cell [78] and drug screening [105], protein analysis [106], nucleic acid test, and
polymerase chain reactions [107].
Figure 5.1: The conceptional picture shows the basic idea of the monitoring of none fluorescent microorganism
like the Paramecium tetraurelia. When the droplet passes the blue excitation light the metabolic dye, which is
spread in the entire drop, will emit orange light, which directly goes into an optical fibre. The picture also shows
the mineral oil (darker) droplets, which contain no cells.
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5.2 Generation of a droplet sequence for Paramecium tetraurelia
For the first test with the microorganism an earlier version of the fluidic network
was used (Figure 5.2). Two T-Junctions T4 and T5 were used instead of the X-
junction X1 for the generation of the droplets also the T-junction T3 was replace
by the X-junction X2 and the three-way-valve V3 was also added. Here the second
T-junction was a few centimetre after the first one (Figure 4.5 (a)).
Figure 5.2: Millifluidic network with two T-junctions T2 and T3 for droplet generation instead of a X-junction.
The flow rate of the liquids was set to 5 mL/h, with each resulting in a 1/1/1
droplet-size ratio. So, the size of each droplet was the same as the space of HFE
oil between a mineral oil droplet and a water droplet pair. With this ratio, big
mineral droplets were necessary at both ends of the sequence. For all experiments,
the starting conditions were all the same, and all syringes were connected and filled
with the necessary amount of liquid.
Regardless the state of the tubing, they were firstly flushed with ethanol for
cleaning followed by a flushing of HFE oil. Here the valves V1 and V2 were open.
Valve V3 was used to switch the HFE oil between the generation area and a bypass
directly to X2. This valve was temporarily switched for flushing the bypass.
After flushing, the valve V1 was closed and V2 remained open and the mineral
oil was moved to the X-junction X2. Then injected into the detection area to
generate the first big mineral oil droplet.
Than valves V1 and V2 were switched (V1 open and V2 close) and the remain-
ing mineral oil was flushed to waste 1 with HFE oil. Than a droplet sequence was
generated. The first droplets of the generation process are usually irregular and
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Table 5: This table shows the order of the switching of the valves and the corresponding flow rates of the liquids
to generate a droplet sequence with big mineral oil droplets at both ends.
V1 V2 V3 HFE [mL/h] Min. oli [mL/h] H2O [mL/h] Time [s]
HFE flush open open both 15 - - 200
big Min. oil open - gen. area - 5 - 240
Min. oil injection - open gen. area 5 - - 5
droplet gen. open - gen. area 5 5 5 90
droplet injec. - open gen. area 5 - - 210
droplet flush open - gen. area - 5 - 240
Min. oil injection - open gen. area 5 - - 5
Min. oil flush open - gen. area 15 - - 90
Measurement - open bypass 5 - - 30
were flushed out to waste 1. When only stable droplets were present in the entire
section from T-junction T5 to the cross junction X2, they were injected into the
detection part. The valves V1 and V2 had to be switched again (V1 close and V2
open).
After the injection, the valves V1 and V2 were switched again (V1 open and V2
close) and mineral oil was used for flushing the remaining droplets out to waste 1.
A last bit of mineral oil was injected again to finalize the droplet sequence.
Finally, everything was set for the continuous measuring. For measuring the
sequence the HFE oil had a flow rate of 5 mL/h. The valves were switched to
their final positions V3 bypass, V1 close and V2 open. For generating an adequate
droplet sequence the different operating parameter are shown in Table 5.
The 5/5/5 method, in combination with the mineral oil droplets at both ends,
was a satisfying way. However, generating the big mineral oil droplets was very
elaborating. Therefore, an alternative was investigated to be faster and more
economical (see Chapter 6.2).
5.3 Metabolic dynamics in droplets
The initial concentration of cells in the solution determines the filling factor of the
droplet following Poisson statistics [78]. Detecting the evolution of the fluorescence
inside of every single droplet with time, as well as cross reference videomicroscopy
measurements enabled the mapping of the Poisson distribution for the single cil-
iates, entrapped into the nanolitre droplets (Figure 5.3). To do this, metabolic
dye resazurin was added to the cell culture immediately at a volume ratio of
1:11 before droplet’s formation process. Whereas the fluorescence of the occupied
droplets increases with the time due to the metabolic conversion of low fluorescent
resazurin to high fluorescent resorufin. The signal of empty droplets was rising
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also a little bit because of the diffusion of the dye (Figure 5.4 (c), top and bottom
panels). Therefore the rising was steady for all empty droplets. Obtained results
indicate that the one and two cell’s encapsulation is obtained for only about 15 %
and 1 % of droplets, respectively. Small deviation between theoretical Poisson
prediction and empirical results is caused by a number of reasons, i.e., eventually
not sufficient amount of droplets filled with cells for precise analysis. Additional
factor, influencing the cell’s encapsulation might be related to the inhomogeneous
distribution of living cells inside the syringe, occurred due to the active natural
motion of the ciliates. Although the potential negative effect of the active mo-
tion on the cell partition, the swimming of paramecia still helped to identify the
survival of the cells in the droplets, to validate the test system throughout the
duration of the experiment (20 h). This analysis helped to optimize the encapsu-
lation conditions to vary the number of entrapped cells, with the aim to achieve
an ultimate single cell/droplet case.
For trapping single ciliate cells and monitoring their metabolic dynamics, the
medium solutions with the cell densities of 1000 cells/ml were used in the fol-
lowing. The evolution of the fluorescence intensity over the time inside of every
single droplet (Figure 5.5) was determined as a measure of cell viability. In par-
ticular, Figure 5.5 (b) represents the metabolic dynamics of the Paramecia cells,
entrapped inside of the 434 droplets. Figure 5.5 (a) displays a series of metabolic
curves reflecting the activity of the ciliates inside the droplets. Note that the
signals recorded for a large fraction of the curves remained at the background
level, indicating empty droplets. Approximately 50 droplets represented a pos-
itive signal increase over the time. The corresponding curves can be visually
divided into groups, with respect to the measured rate of metabolic resazurin
conversion: (i) single encapsulated paramecia with different metabolic activities;
(ii) two encapsulated ciliates; and (iii) cell division event inside of the droplet.
The videomicroscopy observation of every filled droplet in the chain assisted to
verify the status of the ciliates in droplets. Next, Figure 5.5 (b) demonstrates
the corresponding metabolic curves recorded for single cells and two cells, respec-
tively. Conversion rates were estimated via linear fitting of the obtained families
of the curves. Naturally, a droplet housing two cells reveals about 30 % higher
resazurin conversion rate than a droplet containing just one cell (for comparison,
F2C(x) = 0.29x versus F1C(x) = 0.2x, respectively) and is characterized by a
higher final fluorescence signal reached (Figures 5.5 (a) and 5.5 (b)). Further-
more, the metabolic curves, obtained for the single encapsulated ciliates reveal
deviations in the conversion rate, as well as in the final reached signal, which
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could indicate the potential cell-to-cell heterogeneity within isogenic cell popu-
lation, observed and actively investigated in bacterial cultures [108] [109] [110],
in particular using droplets based techniques. However, since data points taken
from multiple droplets housing single cells in Figure 5.6 obviously do not reveal
the splitting into different subfamilies, and the observation time is too short for
slowly dividing paramecia.
Figure 5.3: The graph shows the filling rate of the droplet with the ciliate (black bars), compared with the
theoretical values of the Poisson distribution (red bars). Different concentrations were tested starting with the
lowest concentration of (a) 500 cells/mL to the maximum of (f) 10’000 cells/mL that could be generated. The
empirical data is in a good agreement with the Poisson distribution
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Figure 5.4: This figure shows encapsulated Paramecium tetraurelia cells (a) a single ciliate confined in water
droplet. For a clear view, the droplet does not contain any dye or resazurin. (b) A single ciliate during cell
division a few minutes before separation. (c) An example of the measurements: at the initial stage of the
experiment (T=0 h), the signal of the empty and filled droplets is all the same because no dye was converted
yet. The fluorescence signal of a droplet containing a living organism has relatively increased after 6 h due to
the conversion of the metabolic dye.
Figure 5.5: (a) The graph is displaying the process kinetics of fluorescence intensity increase of multiple
individual droplets (empty and filled). Filled droplets contain living cells which convert the resazurin, over many
hours, to the highly fluorescent resorufin. (b) Example plot of four droplets, one without any living organism
(black curve), two droplets very likely containing one paramecia cell (red curves), and one droplet probably
containing two cells (green curve).
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Figure 5.6: Family of metabolic curves measured in 10 different droplets, eventually containing single ciliate
cell.
5.4 Ecotoxicity assays
As a proof of principle for the application of the FDA in ecotoxicological testing,
the toxicity of silver nitrate on the viability of paramecia cells was character-
ized and the so-called EC50 concentration was determined, at which 50 % of the
introduced test organisms exhibit inhibition effects after a specified exposure du-
ration (20 h). Toxicity analysis was performed using both millifluidic analyser and
conventional fluorescence based microplate reader technique, as a reference. For
these purposes, the test organisms, P. tetraurelia, were cultured in ABC medium
at 22◦C in the dark. Once a week, 0.5 mL of cell culture were transferred to
4.5 mL of fresh ABC under sterile conditions. The test system is previously de-
scribed in detail elsewhere [69]. In brief, the cell density of an axenic P. tetraurelia
culture after incubation was determined. For toxicity measurements, silver nitrate
(>99.9 %, p.a., Carl Roth GmbH) was used as a source of silver ions (Ag+) in the
solution. Silver nitrate stock solutions were prepared from high performance liquid
chromatography (HPLC)-grade water (Chromanorm, VWR) at a concentration of
1 g/L. Silver nitrate pre-suspensions (diluted stocks) consisting of ABC medium
and silver nitrate stock solution were prepared at concentrations representing the
11 fold target exposure concentrations. P. tetraurelia cell culture density was ad-
justed to 500 cells/mL by mixing respective amounts of cell culture and filtered
ABC medium. The previously prepared AgNO3 pre-solutions were mixed with
the P. tetraurelia culture at a ratio of 1:10 to yield silver nitrate concentrations
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of 0, 1, 2, 4, 8, and 16 mg/L. In parallel, the blank samples were prepared with
filtrated ABC medium. After 4 h of incubation, resazurin was added to the ex-
posure solutions and blanks in a ratio of one part viability kit solution to eleven
parts cell culture with AgNO3. These exposure solutions were dispersed into the
millifluidic system with droplet volumes of about 160 nL and 430 droplets per
assay, as described above. Ten replicates of each exposure solution were filled in
96-well plates (pure grade S, transparent F-bottom, Brand GmbH & CO KG) at
a volume of 110 µL. Additionally, aliquots of the respective blanks were dispersed
into six wells of the 96-well plate. Both assays were incubated for 16 h at room
temperature (22◦C) in the dark. The fluorescence intensity for the 96-well plate
was detected using a microplate reader (Tecan Polarion, Tecan Deutschland) with
excitation wavelength of 560 nm and emission wavelength of 590 nm. Finally, the
mean blank value of fluorescence intensity was subtracted from fluorescence in-
tensities of the ten replicates for each exposure concentration.
Analogously to the microplate experiments, the exposure solutions, contain-
ing paramecia with the six different concentrations of silver nitrate in the range
0-16 mg/L, were sampled using the millifluidic machine. Note that the gradient
of silver nitrate was not applied in these experiments, due to the low number of
the droplets filled by paramecia and thus not sufficient statistical output of the
assay. During the measurements, the data were sorted (empty/filled) according to
the fluorescence spectrogram peaks (see Figure 5.4 (c)), only droplets filled with
ciliates were used for further analysis. The mean fluorescence intensity of peaks
in blank solution was subtracted from the measured peak maximum values. The
number of peaks and blanked maximum fluorescence intensities were used for cal-
culation of concentration response curves and respective half maximum effective
concentrations (EC50) values. The data from both toxicity assays (microplate and
fluidic) were analysed regarding concentration response curves and EC50 values
using ToxRatVR Standard Version 2.10 software. The viability of the cells versus
silver nitrate concentration was fitted with probit function typically employed for
toxicity analysis.
First, the visualization of the activity of ciliates exposed to different concen-
trations of silver nitrate (from 1 mg/L to 16 mg/L) was done by recording their
metabolic curves during 10-20 h. Furthermore, the percentage of droplets exhibit-
ing positive growth were quantified at each concentration. Figure 5.7 summarizes
the ecotoxicity tests performed in 430 droplets, exposing the cells with density of
about 500 cells/mL to different silver nitrate concentrations (see Section II). The
curves, shown in Figure 5.7 (a), correspond to the metabolic activity of the cells
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at 0 mg/L (blue curves), 1 mg/L (green curves), and 1.5 mg/L (brown curves), re-
spectively. Naturally, the increase of the toxicant concentration leads to a decrease
of cell activity, reflected in the slowdown of their metabolism, which corresponds
to lower resazurin conversion rate (green and brown curves in Figure 5.7 (a)).
After 20 h of measurements, the quantity of the fraction of droplets still revealing
fluorescent signal was determined and summarized the analysis in Figure 5.7 (b).
The histogram suggests that the substantial inhibition of the ciliate activity was
achieved already at 2 mg/L of silver nitrate in the solution. These results allowed
to derive EC50 values, typically used for analysis of toxicity assays. For compar-
ison, the experiments were carried out using conventionally applied microplate
assay and the millifluidic device in parallel. The final fluorescence signal levels,
averaged for each measurement, are drawn as a probit function with the log silver
nitrate concentration (Figure 5.7 (c)). For the standard test assay, the determined
EC50 was 3.4 mg/L within a 95 % confidence interval of 2.6 to 4.4 mg/L. Goodness
of fit was given with a p(Chi2) 0.9971 and p(F) 0.004. For the millifluidic test
assay (whole dataset analysis), the determined EC50 was 1.7 mg/L with a 95 %
confidence interval of 1.6 to 1.8 mg/L. Goodness of fit was given with p(Chi2)
1.000 and p(F) 0.003. Compared to the standard assay, the concentration re-
sponse curve of the millifluidic assay was steeper with only two determined values
between zero and 100 % inhibition. Statistical difference between the two EC50
values can be tested using Zajdlik ad hoc method No. 1 [111] according to the
equation
z =
logEC501 − logEC502√
(σ2(logEC501) + σ2(logEC502))
, (10)
where r is the standard error. If |z| is larger than the critical value 1.96,
the EC50 values are significantly different. Based on this equation, the nominal
EC50 values of silver nitrate tests were compared for the two methods and proven
to be not statistically different (z=0.785) with p(F)< α (α=0.05). Still the small
difference in the EC50 values could be caused by so-called inoculum effect, since the
same cell densities were sampled into the reservoirs with different volumes (100 nL
versus 110 µL) and the resulting cell number per reservoir is distinct. Finally, an
effect of unequal distribution of liquid in the millifluidic system regarding different
exposure solutions and the resulting variance in peak numbers could also enhance
the bias between the assays. For probit analysis, the number of peaks needs to
be constant. The unequal peak numbers were adjusted filling data sheets with
zero values representing the dead cells in droplets or empty and missing droplets.
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For the control samples, this leads to an apparently reduced number of surviving
cells. In the highest exposure concentrations, probably many droplets were empty
because the few surviving cells might easily escape the encapsulation by swimming
actions. During encapsulation, a vertical striation was observed in the syringes
filled with exposure solutions. Living cells tended to accumulate at the top of the
syringes apparently by negatively geotactic movement. This problem could be
overcome in the future by moving the syringes on orbital shakers during droplets
formation or by putting a small magnetic stirrer inside the syringes.
These findings indicate that the millifluidic system can generally outperform
the available technology for toxicity testing in terms of statistical output, as well as
pipetting work and thus handling time. One of the major benefits of this technique
is the availability of data on a single cell level and thus opening possibility to
address the cell heterogeneity issues. Compared to other available single cell
techniques such as flow cytometry, millifluidics enable a high sample and replicate
throughput at a large number of different exposure concentrations. For reason
of comparability of the results obtained from the two techniques applied in this
work, previously prepared exposure mixtures were used to feed the millifluidic
device and the microtitre plates. The preparation of exposure mixtures shall be
undertaken ”online” with the dosage system within the millifluidic device in future
experiments, in order to make use of its benefits mentioned above.
The experiments with the microplate reader as well as the entire evaluation of
the ecotoxicity assays was done by Corinna Burkart and Daniel Pfitzner from the
group of Dirk Jungmann of the Institute of Hydrobiology, TU Dresden.
Figure 5.7: Summary of the ecotoxicity analysis, performed using a millifluidic machine. (a) The graph
demonstrates the increase in fluorescence intensity in individual droplets, containing single ciliate cell, exposed
to different concentrations of silver nitrate (0 mg/L blue data points, 1 mg/L green data points, and 1,5 mg/L
brown data points). (b) Histogram, summarizing the viability of ciliate inside of droplets in percent (with respect
to the total number of droplets), exposed to different concentrations of silver nitrate. 3 mg/L were not performed.
(c) Concentration response curves drawn from probit functions, for determination of EC50 values. The black
and red curves represent the toxicity assays realized in microtiter plate and using millifluidic device, respectively.
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6 Monitoring of bacteria
This chapter will cover all experiments with the bacteria Escherichia coli YFP and
Pseudomonas fluorescens. For these experiments a different droplet sequence was
used, which will be explained in the beginning of the chapter. The explanation
of the calibration procedure will follow as well as the performed experiments such
as a standard bacteria growth, an antibiotic assay or the use of the multicolor
fluorescents detection.
6.1 Introduction
The major difference between the monitoring of the chosen bacteria and the
previous organism is their capability of the internal production of a fluorescent
molecule. Thus, they can be measured more directly and don’t need the use of
the metabolic dye. Eventually, their fluorescent pigment or protein was measured.
Figure 6.1 shows a conceptional picture of the detection of the signal. In contrast
to the use of a metabolic dye, the cells themselves are the dominant part of the flu-
orescent signal. A minor part might come from fluorescent proteins in the media
coming from dead cells and excretion.
Figure 6.1: The picture shows the basic idea of the monitoring of the fluorescent bacteria (black dots). When
the droplet passes the UV excitation light (violet light cone) the bacteria (yellow dots) will emit yellow light,
which is collimated by a lens and then it passes the emission filter (orange disk). Finally, the light is reaching
the PMT (not in the picture). The picture also shows the mineral oil (darker droplets) droplets which contain
no cells.
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6.2 Generation of a droplet sequence for the bacteria experiments
While working with bacteria a flow ratio of 1/5/5 was used for the droplet gen-
eration. Which means 1 mL/h for the HFE phase and 5 mL/h for the water and
the mineral oil phase. The basic ratio of the water phase was a flow of 2,5 mL/h
for the bacteria and 2,5 mL/h for the pure media.
One of the first experiments (Figure 6.2) using this flow ratio revealed, that
the big mineral oil droplets at both ends were obsolete. The figure shows a graph
like an elevation map or like a top view onto the entire data, with a colour-coded
signal intensity. Thus, it shows a separation of the big mineral oil droplets from the
sequence. While they were separating the actual droplets, the sequence remained
stable. For this reason, the mineral oil droplets were not used any more.
Figure 6.2: Measurement of a 1/5/5 droplet sequence with big mineral oil droplets at both ends. The x axis
shows the time window for one scan. Because of the time mode this time was fixed. The y axis shows a stacking
of the scans, which can also be related to the total time. The colour code represents the spectrometer intensity
and so it shows the different phases. The measurement was done in the Time Mode whereas the sequence
remained stable and did not drift out of the time window. The big mineral oil droplets left the time window
after approximately 36 hours.
Now for all bacteria experiments the water phase was mixed during the flow
and the X-junction (X1) was used instead of the two T-junctions (Figure 6.3).
Several tests had shown an easier droplet generation by using an X-junction. For
a measurement with five liquids, like for the antibiotic experiments, the mixing of
the liquids was done in two steps. The first step was mixing a solution with pure
media to generate a gradient of a reactant like antibiotics at the T-junction T1
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and for the second step this gradient was mix together with the bacteria at the
T-junction T2. Note, that the two liquids, bacteria solution and antibiotics, were
also made from pure media which was mainly water based. Finally, droplets were
generated an injected into the detection area.
Figure 6.3: Millifluidic network with the X-junction X1 for droplet generation instead of two T-junction.
Moreover, two additional T-junction, T1 and T2, were present in the droplet generation area for reactant gradient
generation (T1) and mixing with bacteria (T2).
6.3 Cell number calibration of the FDA
The PMT gave out a voltage representing the intensity of the light (in arbitrary
units) that reached the detector. Since the only source of the light reaching the
PMT was from the bacteria, the voltage output can be calibrated to show the
number of cells in one droplet. The calibration was done in two steps. At first
the cell concentration of the present bacteria broth had to be determined by using
the OD600 and a cell counting method (chapter 3.1.4).
For the second step, different dilutions of the suspension with the known cell
concentration were measured with the FDA. Therefore, one syringe with the bac-
teria solution was connected and one syringe with pure media as well. A first
sequence was generated with 100% bacteria suspension and measured. Than a
sequence with a mixture of 50% bacteria and 50% media and so on. The used
mixtures and the used flow rates are listed in Table 6.
Pure media was also measured since clear droplets also showed a small signal.
The 75 % mixture at last was to see if signal drifts during the measurement were
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Table 6: The table shows the mixture of bacteria suspension and media along with the used flow rates to
generate it.
Bacteria amount bacteria flow [ml/h] media flow [ml/h]
100 % 5 0
50 % 2,5 2,5
25 % 1,25 3,75
12,5 % 0,625 4,375
0 % 0 5
75 % 3,75 1,25
accruing. For these measurements, the droplet sequence was not cycled and only
measured once. After the first one (100 % bacteria) was generated, the second
one (50 % bacteria) followed directly without extra flushing. This was obvious
leading to a non-uniform sequence. Meaning, the first droplets had the mixture of
the previous measurement (100 % bacteria), followed by a gradient (downwards)
to the new mixture (50 % bacteria). The reason can be found in the remaining
liquid between the X-junction X1 for droplet generation and the T-junction T2
for mixing. Naturally, only the last part of the droplet sequence was used for
calibration.
The FDA was calibrated for the E.coli YFP with blue light, at 27◦C, for a
droplet sequence 1/5/5 (200 nL) and with the 500 nm LP-filter set. Moreover, a
calibration was done for the P. fluorescens with the same droplet parameter but
with UV light and the two 450 nm filters. Figure 6.4 shows the results of the
calibration. They led to a calibration for the FDA signal of
E.coli YFP: cells/mL = 2, 27 · 1010 · FDA− 1, 19 · 109 ± 3, 4 · 107
P. fluorescens : cells/mL = 1, 03 · 109 · FDA− 2, 16 · 108 ± 1, 5 · 107
or for droplet with a volume of 200 nL
E.coli : cells/droplet = 4, 54 · 106 · FDA− 2, 4 · 105 ± 6, 8 · 103
P. fluorescens cells/droplet = 1, 96 · 105 · FDA− 3, 6 · 104 ± 3, 0 · 103.
The gradient of the measurement for calibrating with 0 % of P. fluorescens (pure
media) revealed an interesting effect. The gradient started with the previous signal
of the 12,5 % P. fluorescens going down to zero percent. Those pure media values
were below the values of the neighbouring mineral oil droplets (Figure 6.5) which
were caused by the leaking excitation light. However, this effect of the mineral
oil did not have an effect on the measurements because the signal of the water
droplets was individually analysed (see Chapter 4.5).
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Figure 6.4: This figure shows the graph for the calibration of the FDA.(a) Shows the signal of several droplet
sequences with a known concentration of E.coli YFP cells while (b) shows the final calibration curve for the
E.coli YFP in M9 media. Figure (c) and (d) show the same just for the P. fluorescens.
Figure 6.5: Graph (a) the signal of a droplets sequence generated with pure media. Because of the previous
measurement some bacteria were still in the system generating the gradient. It can be seen that the signal of
the mineral oil droplets was higher than a droplet containing a bacteria concentration below 1, 2 · 104 cells.(b)
Shows a closer look. Here the decay of the bacteria droplets can be seen together with the constant mineral oil
signal.
Minor variations of the PMT signal were also observed. Since these variations
also infected not just the noise ground but also the higher fluorescence signal,
it seemed to be related to the potentiometer that was used to regulate the am-
plification of the PMT. The signal of the PMT reacted extremely well to the
potentiometer. Also after switching the PMT OFF and later back ON its signal
was slightly different and needed to be corrected with the potentiometer.
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6.4 Monitoring of the bacteria growth
With the calibrated FDA a measurement that shows the growth of the bacteria
could be expected next. Therefore, an initial cell concentration below the detec-
tion limit of the FDA was selected. For the P. fluorescens it was an OD value of
0,045. Therefore, an OD value of 0,001 was chosen as an initial cell concentra-
tion. For the preparation of the dilution, 50 µL of an broth with an OD 0,998
were diluted in 50 mL to get approximately a dilution of 0,001. The dilution
was adequately stirred with a vortexer at a mid-speed level. One millilitre of
the dilution was taken to the FDA and droplets were generated. The remaining
mixture was place in a shaking water bath. The temperature in the water bath
was set to 27◦C like the temperature in the FDA so the parameter that mainly
influenced the growth of the bacteria, such as initial concentration, media, and
the temperature were the same for both experiments.
Previous bacteria tests showed a lag phase up to 8 hours; therefore, the entire
experiment started at night. So, the second OD measurement was done next
morning in the early growth phase.
The cells were cultured for over 55 hours (Figure 6.6). For the batch culture
an OD measurement was taken every hour over the day and a few in the evening.
At the same time, the FDA measured the droplets continuously.
Figure 6.6: The two figures show the growth one culture P. fluorescens. In Figure (a) an older one and a
new one were cultivated in the water bath and measured with a OD600 and in Figure (b) the newer one was
simultaneously cultivated and measured in the FDA.
The linear plots (Figure 6.6 (a)) show the data from the batch culture and
once recorded the data of the previous measurement as well. Both curves are
almost similar and show a typical growth curve of bacteria [112] [113]. After
approximately 8 hours, the density of the bacteria reached the detection limit of
the OD600. The growth lasted for about 25 hours and ended after 37 hours since
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the begin of the experiment.
The linear plot (Figure 6.6 (b)) of the FDA data shows two abnormalities. The
stationary stage of the droplet culture is higher than the batch culture by a factor
of approximately 4 and rising. Secondly, the shape of the curve shows two linear
parts. One part starts at approximately 20 h and the second one follows the first
one after 23 h.
It is assumed, that the linear rise of the signal is not related to the actual cell
number. Eventually, the signal represents the amount of light reaching the PMT.
An empty measurement with just media showed no change in the signal. However,
the growth of the bacteria can become linear under adverse conditions [114]. After
the exponential phase, there is a limit of at least one physiological or metabolic
parameter, which stops the growth. If nutrients or space stop the growth, then it
is expected to be for both bacteria in the batch culture and in droplets. Moreover,
a linear growth should affect both cultures.
A diauxic growth is also unlikely since there is only one kind of sugar present.
Moreover, such growth would show two exponential phases. The first linear phase
and the second one with their knee like transition are not consider to be a second
exponential phase.
A closer look to the FDA logarithmic curves (Figure 6.7) shows a stop of the
exponential growth at almost the same concentration like the batch culture. The
begin of the linear rise is the same for all droplets. The first linear part might
be a production of the fluorescent pigment pyoverdine inside the cell. The second
much slower linear rise might be a continued production of the pigment and its
excretion.
Figure 6.7: The figure shows the logarithmic plot of the growth curves of the P. fluorescens batch culture (dots
and line) and the FDA culture (dots). The red doted horizontal line indicates the stationary level of the batch
culture, while the red dashed dot line in Figure (b) indicates the exponential phase of the FDA culture.
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Additionally, one test was done to see if there is any difference in the growth
of the bacteria between old ones from the fridge and new ones coming fresh from
the incubator. Like for most experiments the initial cell concentration was the
same for both measurements. A measurement (Figure 6.8) showed no variation
in their growth behaviour. The curves are both almost the same; however, the
curve with the fresh bacteria starts a few minutes before the cold and old ones
from the fridge. This might be related to the fact that, even with the same initial
concentration the number of dead cells in the old culture was larger than in a
fresh culture.
Figure 6.8: The graph shows a measured grow curve of E.coli YFP encapsulated a few minutes after cultivation
(red line) and after 5 days in the fridge (black line). The graphs are almost identical and so no significant difference
can be seen between fresh and old bacteria
6.5 Investigation of the of the fluorescence signal
A measurement (Figure 6.9) was done to see possible variations of the fluores-
cent signal of the droplets. Therefore, a high concentration of bacteria (approx.
OD 1,15) was taken from the batch culture and mixed with filtered water con-
taining a high dose of antibiotics. The bacteriostatic antibiotic Chloramphenicol
(CAM) [115] [116] was used for this test with a concentration of 34 mg/mL. This
was roughly a thousand times above the so call minimum inhibitory concentration
(MIC) of the P. aeruginosa [117] [118] [119] [120]. They are closed relatives to the
P. fluorescens and it assured that the number of bacteria number was not rising.
The same experiment with the same high concentration of CAM was done with
the E.coli YFP.
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Figure 6.9: In this measurement both bacteria were in two experiments separately exposed to a permanent
high concentration of Chloramphenicol to suppress their growth. The E.coli YFP showed a small drop of the
signal during the first five hours and later the signal did not change. The signal of P. fluorescens did not show
a drop or decay; instead, it was rising.
In this measurement, only the E.coli YFP showed a small decrease during the
first five hours, which might be caused by bleaching. However, after five hours
the signal was constant. But the signal of the P. fluorescens does not show a
decrease. Instead, their signal slightly increased.
To exclude drift effects of the light sources, the PMT or other parts, a long-time
measurement (Figure 6.10) was done with ”empty” droplets, just filled with sterile
media. The result showed just noise and no drift of the system. The signal was
constant during 65 hours for both light sources as well for as almost all droplets.
6.6 One bacteria cell in a droplet
Not all droplets in the drift test with the empty droplets showed the same sig-
nal; two droplets showed an increase for the P. fluorescens, meaning a sigmoidal
rise under UV light (Figure 6.11 (a)). A contamination of the syringe, its con-
nector or the media can be excluded, because than the contamination would be
much greater. So, this was very likely a contamination inside the FDA from the
previous measurement. Perhaps cells survived in small gaps of the connection
of the tubing and the junctions. The previous measurement was a calibration
with P. fluorescens and the fluidic network was exposed to liquids with a high
concentration of bacteria, like the 100 % mixture (OD > 1). The more common
concentration for growth tests were below an OD of 0,01. However, between every
experiment the network was flushed with 99 % ethanol for decontamination. So,
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Figure 6.10: The graph shows the signal of the droplet number 100, representing most droplets of the sequence
with approximately 550 droplets, all generated with pure media. This graph shows just noise and no drift of the
signal in any direction. The signal was constant for over 65 hours.
this measurement showed that the decontamination was not completely success-
ful but sufficient. Figure 6.11 (b) shows a rise in the signal after 30 hours. This
indicates a very low initial concentration for this one droplet. Maybe even just
one cell, since the neighbouring droplets were not ”infected”. This effect inspired
for more experiments of very low concentration.
Figure 6.11: Graph (a) shows the all droplets of the experiment with pure media. Because of contamination,
two droplets (62 and 355) had at least one active cell of P. fluorescens. The droplet number slightly changes due
to the separation of a few droplets. Graph (b) shows the signal of these two droplets separately.
Like for the experiments with the Paramecium tetraurelia, an experiment was
absolved to entrap a single bacterium cell in a droplet. Since the fluorescent signal
of the one cell is far below the detection limit of the FDA, the only chance for a
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detection would be after some time when the cell multiplies inside the droplet.
Once more the Poisson distribution was used to estimate the necessary con-
centration to entrap only one cell in a droplet. In fact, it can be taken just like
it was used for the Paramecium tetraurelia the only thing that was changed was
the droplet volume from 160 nL to 200 nL because of the different droplet gener-
ation flow ratio. To get a value of 0.1 for ΛP with the new droplet volume a cell
concentration of 500 cells/mL were necessary. Therefore, a solution of, e.g. OD 1
containing 6, 27 · 108 cells of P. fluorescens per millilitre would need to be diluted
by a factor of one million to get to the in the order of a few hundred cells/mL.
Figure 6.12 shows the result of one measurement. The graph shows an increase
in the signal for eight droplets, while the signal of the remaining droplets did not
change. All eight curves started to rise after approximately 25 hours, indicating
a similar fill rate. Since the neighbouring droplets were empty, the droplet must
have entrapped one cluster of cells or maybe just one cell.
Figure 6.12: This graph shows the optical repose of a droplet sequence with an initial cell concentration of
500 cells/mL. Only eight droplets show an increase in the intensity. All remaining droplets do not show an
increase and dont contain any active fluorescent cells.
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6.7 The determination of the minimum inhibitory concentration
The use of antibiotics is a very effective way of inhibiting or killing bacteria.
However, the evolutionary culture of bacteria gave them a chance to develop a
resistance by mutation. Once a resistant has been developed, the cell will have
no competitor in an antibiotic environment. The resistant cell can spread and the
antibiotic will not stop it.
Because of their strong efficiency and availability antibiotics are widely and
overdosed used. This overuse supports the breeding of the multi-resistance cells.
Especially in health care environment the multi-drug-resistant organism are a big
problem [121] [122] [123] [124] [125].
One important key aspect of the developed device is the determination of the
minimum inhibitory concentration (MIC) of an antibiotic. This value gave the
amount of an antibiotic which is necessary to stop the growth of an organism.
With this information, an overdose of the antibiotic can be avoided. Next to the
established E test [126] other methods for determining the MIC are published e.g.
a linear antibiotic gradient on a microfluidic chip [127] or a droplet based method
using a viability indicator [128].
For determining the MIC with the developed FDA, the maximum number of
droplets was generated. This maximum number of approximately 550 droplets,
was limited by the length of the coils. It also fluctuates by an approximately 5 to
10 droplets. This fluctuation results from small variations of time and flow rate
during the injection of the sequence into the detection area and the loss of some
droplets during the measurement. Since the area of interest is always located in
the middle of the droplet sequence this fluctuation was negligible.
For these measurements the droplets were filled with the media, the bacteria
E.coli YFP, the antibiotic Chloramphenicol (CAM) and the fluorescent dye Tamra
(5-and-6-Carboxytetramethylrhodamine C29H25N3O7) [129]. The concentration
of the CAM was 0,028 mg/mL and because of the mixing with the bacteria and
the gradient the concentration went from 0 to 14 µg/mL. The Tamra dye has its
maximum absorption at 547 nm and the maximum for emission is at 576 nm.
It also showed an adequate emission by exposure to light from the blue LED
470 nm. Moreover, an effect to the bacteria was not observed. Therefore, the dye
was added to the antibiotic solution as an indicator.
For the preparation of the experiment five syringes were needed. One was filled
with the HFE oil and was driven by the Harvard pump. All other syringes were
loaded into the Nemesys pump. The first module contained the mineral oil. The
second module was loaded with a syringe containing the media. The third on was
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shouldered with the antibiotics and the Tamra and the last one was filled with
the bacteria.
The flow rates were similar to the other bacteria experiments HFE oil 1 mL/h,
mineral oil 5 mL/h and bacteria solution stood at 2,5 mL/h. The flow rate of the
antibiotics and the media, however, was alternated. In the beginning, the media
was driven with 2,5 mL/h and the antibiotics did not have a flow. After a few
minutes, their flow rates were switched immediately to antibiotics 2,5 mL/h and
media none. Before that, the droplets with bacteria and media were generated.
After the switching, the flow of the media drops rapidly to zero, while the flow
of the antibiotic solution is on the rise, causing a mixing of the two liquids. The
time from the beginning until switching the flow rates did not need to be precise,
but should last at least 100 seconds. During this time, droplets with bacteria and
media were generated and flushed out. The time after, switching the flow rates
until all the pumps stop gave the position of the gradient in the droplet sequence.
If the time was too short, fewer droplets with antibiotics were generated and the
middle of the gradient was shifted to the antibiotic side (end of droplet sequence
with high numbers). Figure 6.13 shows the measured linear dependency of this
effect, the middle position of the gradient in the sequence and this time of the
antibiotic flow. The rate of this shift is approximately 2,34 droplets per second
and so the timing is relevant. The timing for generating the droplet sequence
is listed in Table 7. A flow rate of 0,5 mL/h for the HFE oil was used for a
better stability of the sequence. The small variation of the droplet volume was
considered; however, the volume was not needed since a cell density was also not
needed for determining the MIC.
Figure 6.13: The measured position of the gradient in the droplet sequence in dependency of the time of the
antibiotic flow.
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Table 7: This table shows the order of the switching of the valves and the corresponding flow rates of the liquids
to generate a droplet sequence with a gradient. The gradient starts with droplets containing next to bacteria
media and will change to antibiotics.
V2 V3 HFE Mineral oli Bacteria Media Antibiotics Time [s]
Ethanol flush open open 100 - - - - -
HFE flush open open 100 - - - - -
Start open - 5 5 2,5 2,5 0 10
Media droplet gen. open - 0,5 5 2,5 2,5 0 >100
antib. droplet gen. open - 0,5 5 2,5 0 2,5 90
Injection to C2 - open 5 0 0 0 0 210
Flush remaining open - 5 0 0 0 0 30
ready to go - open 5 0 0 0 0 -
*Flow units are mL/h.
The generated droplets now had the equal number of bacteria and an antibiotic
concentration that was given by the gradient. The width of the gradient is ap-
proximately 250 droplets which is roughly the half of all available droplets. With
the immediately switching of the two flow rates, this was the smallest possible
gradient which can be generated. Wider gradients can simply be generated by
slowly switching the flow rates.
Figure 6.14 shows a 3D plot of the complete data of an experiment to determine
the MIC of E.coli YFP exposed to CAM. The temperature was set to 37◦C and
the used media, like always, was M9. Besides, a gradient of CAM and Tamra was
implemented. The concentration of CAM was 28 µg/mL in the syringe. Because
of the mixing with the bacteria suspension, the maximal and final concentration
in the droplets was 14 µg/mL. The bacteria initial concentration had an OD value
of 0,03 in the syringe and consequently 0,015 in droplets.
The gradient starts approximately after 150 droplets and ends after roughly 350
droplets. The first droplets show the expected exponential growth and the linear
continuation. However, a few droplets around droplet 170 show a significantly
higher slope of the linear section. They are at the beginning of the gradient. No
significant deformation of the gradient can be seen. This is except for one artefact
which can be seen at 16 hours and is related to artificial light entering the FDA.
The graph in Figure 6.15 shows the signal of three droplets out of the interesting
regions. Droplet 100, representing all droplets with no CAM, shows the expected
bacteria growth like Figure 6.6. Droplet 180, which is out of the middle of the
higher slop region, had a higher initial intensity coming from the Tamra dye.
Droplet 300, which is the region with no bacteria growth were the concentration
of CAM was above the MIC, is not showing an increse of the signal.
Figure 6.16 shows the determination of the MIC. Therefore, the first measure-
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Figure 6.14: The 3D plot of the complete data of an experiment to determine the MIC. The duration of the
experiment was 18 hours and had 460 useful droplets.
Figure 6.15: The graph shows the signal of droplets to be exemplary for the three interesting regions. Droplet
100 (black line) representing the droplets with no CAM, droplet 180 (red line) representing the droplets with
higher linear slope and droplet 300 (blue line) representing the droplets with a concentration of CAM above the
MIC.
ment of the sequence or the first scan is plotted (blue line). Based on the maximum
and lowest possible concentrations of CAM (0 and 14 µg/mL), the y-coordinate
on the right side shows the corresponding concentration of CAM. The second line
(black) shows the last scan of the droplet sequence after more than 17 h. This data
was modified by subtracting the data of the first scan from it. This subtraction
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involves removing the influence of the Tamra dye and all remaining data (relative
intensity) comes from the E.coli YFP. To determine the MIC, a region needs to
be found where the relative intensity is the lowest, implying no cell growth. Since
the relative intensity slightly rises after 350 droplets, it is seen as a fluctuation
coming from some drifts of the total signal after the 17 hours. Every signal above
these fluctuation (green line) is been considered to come from the growth of the
E.coli YFP. By coming from the end of the sequence, the last droplet below the
green line is droplet 260 (red vertical line). This droplet is considered to contain
the MIC of CAM for the E.coli YFP. Its value can be found by following the
red line till it crosses the blue line of the CAM concentration. It crosses at a
concentration of 9 µg/mL.
Additionally, it must be mentioned that the black line representing the differ-
ence of the first and last scan is about 30 droplets shorter than the first scan.
This shortness comes from the loss of droplets during the 17 hours. They are the
main reason for the error bar (light blue bars). Another uncertainty factor is the
drift. So, the final determined MIC for the used E.coli YFP is 9±1 µg/mL.
Figure 6.16: The figure shows the necessary graph to determine the MIC. The black line, the difference of
the last and first scan, is to find the droplet with were the bacteria were not growing. This is the case when
the rel. intensity is above the droplets on the right side (green line). The droplet where the two mines meet
contains the MIC (red vertical line). The value of the MIC (red horizontal line) can be determined be at the
intersection of the red vertical line and the blue line, which is from the first measurement formatted to show the
CAM concentration. The light blue area around the red line indicates the error bars. The determined MIC for
the used E.coli YFP is 9±1 µg/mL.
In the literature, a MIC of 4 µg/mL was found for E.coli atCC 25922 [130].
Besides, a the EU Reference Laboratory for Antimicrobial Resistance gave a MIC
recommendation for E.coli of 16 µg/mL [131]. The strong variety of the bacteria
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including their modification and the different parameters for culturing makes it
difficult to compare.
A second experiment (Figure 6.17) was performed to validated the results and
to see a possible inoculum effect [132]. Here all parameter for droplet generation
and measuring were the same. The only factor which was changed and considered
not to have an influence to the MIC was the initial cell concentration. The pre-
pared solution had an OD value of 0,003, which is 10 times less than the previous
experiment.
Figure 6.17: The 3D plot of the complete data of the second experiment to determine the MIC. The duration
of the experiment was 45 hours, because of a lower initial concentration, and had 430 useful droplets.
The 3D plot mainly looks like the plot of the first experiment. The middle of
the gradient is slightly shifted to the antibiotic side of the sequence. However,
it is still the full gradient and was good to use. The shift might be the result of
an unlucky droplet generation. With the lower initial concentration, the growth
of the bacteria reaches the detection limit, as expected, much later than before.
Here also some droplets, in the beginning of the gradient, show a higher slop of
the linear phase, which remains unexplained. Two artefacts can be seen after 15
and 35 hours, which show an offset to the signal. The origin of this artefact might
be caused by room light.
The determination of the MIC is shown in Figure 6.18 and has been done in the
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same way that the last scan was subtracted by the first one. For this measurement,
the loss of droplets was much lower but still the same uncertainty factor for the
position was used. The final determined MIC for this second experiment was
determined to 8±1,5 µg/mL. A significant inoculum effect was not found.
Figure 6.18: The figure shows the necessary graph to determine the MIC. The black line, the difference of the
last and first scan, is to find the droplet where the bacteria did not grow. This is the case when the rel. intensity
is above the droplets on the right side (green line). The droplet where the two mines meet contains the MIC
(red vertical line). The value of the MIC (red horizontal line) can be determined be at the intersection of the red
vertical line and the blue line, which is from the first measurement formatted to show the CAM concentration.
The light blue area around the red line indicates the error bars. The determined MIC for the used E.coli YFP
is 8±1,5 µg/mL.
6.8 Long-term monitoring
During a business trip, an experiment was done to see the performance of the
device. Therefore, E.coli YFP were encapsulated in M9 droplets with the 1/5/5
ratio before the trip. The droplet sequence was measured by using the Time mode
and last for more than a week (173 hours). The Figure 6.19 shows the sequence
for the entire time and in the given time window. Almost the entire sequence was
stable the whole time. This is except for a few droplets at the left end that ran
away (see Appendix D). However, all droplets had the same initial concentration
and showed the same curve.
6.9 Sectioning of the droplet sequence
Another way of performing many different experiments in one run, next to the
gradient formation, was the generation of different filled sections of the droplet
sequence. This function can be use full when performing a long-time experiment
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Figure 6.19: The figure shows the result of a measurement over 7 days. (a) Shows the entire sequence for the
entire time and (b) shows the signal for on droplet. After the fourth day, the data from the measurement was
saved, whereas the light source was turned off and on for a few seconds, which caused the step at 100 h.
with different organism or reactants. Thus, a series of experiments that would
take seven day, like one per day, can be reduced to one day. Also it was used for
the calibration of the FDA. The diffrent dilutions were simply put into section
and could be measured at once.
To demonstrated the idea of the sectioning of the droplet sequence, an ex-
periment was done with the P. fluorescens at different initial concentrations.
Therefore, a droplet sequence was generated with 6 sections whereas each one
had approximately 80 droplets. The droplets of each section were filled with a
different concentration of P. fluorescens. For the preparation of the water-based
droplets, two syringes were prepared, one with the P. fluorescens (OD= 0, 1 ≈
12, 5 · 104 cells/droplet) and one with media. By variation of the flow rate of
the liquids, the fill rate of the droplet was tuned. For each section, the system
ran the media and the bacteria with the resulting flow rates for two minutes to
minimize the mixing with the solution of the previous section. After the two min-
utes of flushing, droplets were generated like usually with the flow rates of 1/5/5.
Naturally the combined flow of the media and the bacteria was always 5 mL/h
for a proper droplet generation. After the droplet generation, the droplets were
injected to the detection part for 30 second, which was approximately 80 droplets.
The remaining droplets were flushed out and the preparation of the next section
began. The different sections were filled as follows:
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Section Bacteria flow [mL/h] Media flow [mL/h] Initial Concentration[cells/droplets]
1 1,25 3,75 3, 1 · 104
2 0,625 4,375 1, 5 · 104
3 0 5 0
4 5 0 12, 5 · 104
5 3,75 1,25 9, 4 · 104
6 2,5 2,5 6, 3 · 104
The special order of the flow rates was done to have the two extreme fillings
(none and maximum bacteria) together to see any possible cross contamination.
The Figure 6.20 (a) shows the results of this experiment. In the top view, the
different sections are display and labelled. Also in the Figure 6.20 (b), are example
growth curves from each section. Both graphs show the expected earlier growth
of the bacteria with a higher initial concentration. With more active cells present
in a droplet, the population will grow faster. The graphs also show a higher
maximum cell number for the sections with high initial concentrations. Sections
1 and 6 have a similar concentration for the stationary phase but different initial
concentrations. This might be related to a possible spatial effect which could
come from an inhomogeneous temperature distribution inside the FDA. Section
3 shows no change of the signal, which means there was no cross contamination
during the generation of the different sections.
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Figure 6.20: The droplet sequence for this measurement was build up from six different section. Each section
was filled with a different concentration of bacteria. On the left side is a top view chart of the entire data with
the section number. On the right side are examples from each section.
6.10 Multicolor fluorescence detection
The optical setup was designed in a way that the light of all three light sources
can be used without touching the inside of the FDA. If needed all three light
sources may be used at once. Another option was to measure two different kinds
of fluoresce, like the one from the E.coli YFP and the P. fluorescens. Therefore,
the motorized flip mount was installed. Thus, it was possible to switch between
two kinds of emission filters. With this feature the FDA was able to measure
two fluorescent species in one measurement. Also it was giving the possibility to
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monitor two organism in on droplet sharing the same resources.
The VI which controlled the FDA was modified. It now had the option of
switching the flip mount and the lights after one half cycle. This means that in
the forward direction one light (e.g. UV light) was on and the right emission
filter (450 LP) was set by the flip mount. In the backward direction, a second
light was on (e.g. blue light) and the flip mount was in its second position with
a different filter (500 LP) being in the light path. The following experiment was
done with these settings: forward direction with UV light and the 450 LP filter
and backward flow blue light with 500 LP filter.
Moreover, the second VI, for analysing the raw data, was modified. It now
would not just cut out the droplets and sort them by number, it was also sorting
them by the moving direction. Consequently, compared to the one light illumina-
tion, only half of the data was recorded and used for each direction. During the
one light illumination, the data was collected for the forward a backward move-
ment of the droplet sequence. While with two lights only one was used for one
direction. When all three lights would have been used than only a third of the
data from the single light illumination would be recorded.
The first test was similar like in the previous chapter 6.9. The droplet sequence
was generated with different sections. Roughly the first 80 droplets were filled with
E.coli YFP and the next droplets were filled with P. fluorescens. The third section
had again E.coli YFP and the last section P. fluorescens.
For the preparation of the experiment two syringes were filled, one with P.
fluorescens OD=0,01 (≈1257 cells per droplet) and the second one with E.coli
YFP OD=0,01 (≈1020 cells per droplet). The generated droplet sequence was
shuttled with the alternating light sources for 30 h. The results are shown in
Figure 6.21 and Figure 6.22.
The figure shows the principal idea; especially in the top view graphs the four
different sections can be seen very well. Like in all performed experiments the
first and last droplets were not good and are not shown. Moreover, the droplets
between the sections like droplet 120±5 also gave a false signal because of splitting
or fusing of droplet. This happened at the junction T3 were the droplet sequence
injected into the detection area. After injection, this sequence had to wait for the
next one. While waiting, the old droplets were flushed out and the new ones were
generated using only the junction T3.
Under the UV light illumination (Figure 6.21) only the droplets filled with the
P. fluorescens show a strong rise of the signal. Whereas the first droplets with
E.coli YFP show no growth of the signal. This is because the E.coli YFP cannot
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Figure 6.21: The figures show the initial test with switching light sources. Figure (a) shows the top view of the
UV light (forward direction) excitation. The grey dotted lines indicate the exemplary droplets which are shown
in (b).
be detected with the UV light. However, the second part with the P. fluorescens
shows a certain increase in the signal. With the blue light for illumination (Fig-
ure 6.22), the graph shows the expected inverse behaviour of the data. Only
the section with the E.coli YFP show significant signal, whereas the section with
the P. fluorescens only shows a minor fluorescence. This signal was caused by
P. fluorescens since they also show a certain fluorescence under blue light (see
Figure 3.6).
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Figure 6.22: The figures show the initial test with switching light sources. Figure (a) shows the top view of
the Blue light (backward direction) excitation. The grey dotted lines indicate the exemplary droplets which are
shown in (b).
The second part with the E.coli YFP (droplets ≈250 to ≈320) shows an in-
crease in the signal under UV light. This increase is related to unwanted contami-
nation of P. fluorescens, which came from the previous section. It is unlikely that
this contamination happened after the cells were encapsulated, then it would also
be present for the first section. So, after the second section was generate with the
P. fluorescens, a remaining P. fluorescens solution was still located in the tubing
of the generation area. Even this part of tubing was flushed with pure media for
two minutes between the droplet generations of each section. Eventually, it was
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just strongly diluting the previous broth with bacteria. So, except for the first
section, each following section has a minor contamination of the previous section.
Like any kind of contamination of a microorganism, the environmental conditions
are most important. For this measurement, the environmental condition (M9 me-
dia and 27◦C) were more favourable for the P. fluorescens and less for the E.coli
YFP (LB media and 37◦C). For this reason, the P. fluorescens contamination in
the second part of E.coli YFP was growing, while the E.coli YFP contamination
did not have a chance of developing in P. fluorescens sections. For the first part
of the E.coli YFP the previous flushing was the complete flushing of the entire
system with ethanol and HFE. However, once a good droplet sequence was in the
system the use of any ethanol was avoided.
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Conclusions
In this thesis, a Fluorescent Droplet Analyser (FDA), with a flexible fluorescent-
based optical detection was designed, constructed, characterized, and demon-
strated with different microorganisms. The portable FDA was designed to handle
a sequence of over 500 droplets (160 nL - 200 nL) and to monitor it for several
days. The optical detection of the FDA was developed to excite and detect two
kinds of fluorescent dyes or molecules in one experiment. With the right spectra,
as many as three fluorescent dyes can be detected.
The device was mainly developed to investigate microorganisms, but it might
also be used for other fluidic experiments where a segmented flow can be used and
a fluorescent reaction needs to be studied over a certain time.
The experiments with the Paramecium tetraurelia have shown the capabil-
ity of the FDA to perform an ecotoxicity assay. Besides being conducted with
conventional methods, the experiments were compared with the Zajdlik ad hoc
method by Corinna Burkart. It showed a good agreement of the experiments.
The easier way of monitoring the metabolism of a single cell in a droplet was also
demonstrated. The results showed minor changes in the conversation rate of the
metabolic dye, which is interpreted as different cell activity. Bigger changes in
the conversation rate were caused by a higher fill rate of the droplet.
The experiments were demonstrated with fluorescent bacteria and did not need
a metabolic indicator. After the experiments to show the growth of the bacteria,
the MIC for the bacteria strain E.coli YFP was determined. Already the first
experiment was revealing the MIC with an acceptable error. For a more precise
quantification, another experiment could be done where the gradient is better
specified. Here the band of the minimum and maximum concentration of the
antibiotic can be decreased to be closer to the MIC.
The fluidic network design allows experiments to run more than seven days au-
tomatically without the need of human input. This long-term feature can be useful
when studying slow reactions or bacteria’s post-exponential behaviour. These in-
vestigations can be supported with the demonstrated sectioning of the droplet
sequence, which has the capability to speed up the investigations. For many in-
dividual samples, the droplet sequence can be filled with a gradient of a reactant
like antibiotics; however, the sectioning option offers a way to monitor many com-
pletely differently filled sections in one droplet sequence. Thus, the total time for
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a complete set of experiments can be reduced to a small fraction.
Moreover, the flexible fluorescent excitation and detection of the FDA was
demonstrated, which can be used to measure two different fluorescent proteins
such as the P. fluorescens and E.coli YFP. Especially in combination with the
section option, this feature enables conducting many new experiments. As has
been demonstrated, a droplet sequence may have bacteria with different excitation
and emission spectra. There could be a section where they are both present and
two sections where they are separated. In addition, another section with the same
filling and antibiotic. Also, a third part can be added with a different antibiotic
or a different concentration.
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With the last demonstrated experiment of the flexible fluorescent optics, the FDA
can be used by biologists to perform more detailed experiments. Next to the bio-
logic experiments, other fluorescent-based chemical experiments are also possible.
Definitely, multiple upgrades of the FDA machine are to be done in order to match
it to the multiple future applications. For instance, other bacteria strains with a
different modification or a simply light barrier could be added to the detection
area. A droplet would block a light beam between a detector and the source.
Thus, the OD of the droplets can be measured simultaneously to the fluorescent.
The control of the flow can also be done with such a barrier instead of using the
spectrometer.
A filter wheel instead of the flip mount would give more flexibility in the mul-
ticolour fluorescent detection. Such a wheel can be loaded up with many different
emission filters that can also be switched automatically by the computer. Also,
the number of optical fibres which were used to guide the excitation light can
be increased and connected to different light sources. Such an extension would
increase the flexibility of the device and extend number of optical labes to be
detected. Many different fluorescent samples could be analysed in one experiment
without manually changing the optics.
The fluidic network may also be upgraded by using additive manufactured
chips. During this work, some tests were performed (in 2013) in printing a mil-
lifluidic chip having a three-dimensional structure. However, the resolution of the
used devices was not fine enough. With the strong interest and development in
the field of additive manufacturing, the devices will soon reach the necessary pre-
cision. Thus, the entire fluidic network with the long coils as well as the detection
area may be reduced to the size of a cigarette box.
Further, the aforementioned upgrades of the fluidic machine can lead to the im-
provement of the microbiological assays. For the experiments with the Paramecia
cell, for instance, the use of GFP labelled cells would be an interesting approach.
Like with the bacteria, the light intensity would rise with the number of cells and
a cell count could be easily done.
The last set of experiments with the P. fluorescens and E.coli YFP show the
capability of the device for a test with multiple organisms in one droplet. This
opens new insight into the deeper micrbiological questions, addressing the resource
sharing and process kinetics in the complex environment.
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A) Tubing lengths
Figure 6.23: Fluidic Network with labeled tubing’s.
Table 8: Table with the length of the different sections of the fluidic network
Tubing Length [m]
1 1,2
2 0,67
3 0,42
4 0,42
5 0,38
6 0,06
7 0,06
8 1,58
9 1,88
10 1,79
11 0,25
12 0,35
13 0,23
9,29 m
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B) Labview Vis
Figure 6.24: Labview main VI
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Figure 6.25: Labview sub VI’s 1
Figure 6.26: Labview sub VI’s 2
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C) M9 Media
Substance Formula Quantity [g/L]
Potassium dihydrogen orthophosphate KH2PO4 3
Sodium chloride NaCl 0,5
Ammonium sulfate (NH4)2SO4 0,264
Magnesium chloride hexahydrat MgCl · 6H2O 0,213
Disodium hydrogen phosphate Na2HPO4 8,5
Glucose C6H12O6 4
Ampicillin C16H19N3O4S 0,1
- mix all with deionized water except for Glucose and Ampicillin
- autoclave or filter
- add Glucose (sterile conditions)
- UV irradiation
- add Ampicillin when resistance is present
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D) Runaway droplets
Figure 6.27: This figure gives a closer look to the droplets which were separating from the sequence over
time of the seven days measurement (6.19). The four lines are actually representing just two droplets with one
line in forward motion and one for backward motion. Because of the difference for stopping and accelerating
the sequence 4.16 (c), there is always a more or less fixed time difference between the forward motion and the
following backward motion.
Figure 6.28: Another part of the seven days measurement.
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E) Fibre output
Figure 6.29: Zemax simulation for the light output of the fibre.
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F) Optical Coherence Tomography Pictures
Figure 6.30: The Figure is showing Pictures of droplets in a tubing recorded by the optical coherence tomog-
raphy (OCT) technique. (a) Is showing the OCT image of two water in oil droplets. (b) Is showing the front
view of an air bubble with a distortion which is caused by the strong refractive index change. The figure (c) is
showing droplets with a small bubble and (d) is another example.
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